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Os inibidores dos co-transportadores sódio-glucose 2 (e.g. canagliflozina, dapagliflozina, empagliflozin, 
ertugliflozina) foram recentemente aprovados para o tratamento da diabetes tipo 2, uma doença 
metabólica que afeta um grande número de pessoas em todo o mundo. Na sequência da autorização de 
introdução no mercado, vários ensaios clínicos envolvendo medicamentos inibidores dos co-
transportadores sódio-glucose 2 (iSGLT2) contribuíram com informação relevante, que além de contribuir 
para a atualização de normas de tratamento de diabetes tipo 2, também revelaram informação que aponta 
para o seu potencial de renoproteção. Na presente revisão, propomos recuar até aos estudos in vivo e in 
vitro no sentido de recolher evidência pré-clínica com o objetivo de melhor perceber os mecanismos 
subjacentes à proteção renal dos iSGLT2.  
A revisão da literatura foi realizada para modelos celulares e animais de nefropatia diabética, doença renal 
crónica e doença renal aguda tratados com iSGLT2. Recolha de informação foi efetuada a partir de fontes 
primárias de desenho quantitativo publicadas entre janeiro 2013 e dezembro de 2018. Apenas foram 
consideradas publicações relevantes para proteção renal por iSGLT2. Foram incluídos ao todo 33 
publicações, correspondentes a 42 modelos experimentais de doença renal. No total, 546 parâmetros 
relacionados com modelos de doenças renal e correspondentes a efeitos de tratamento com iSGLT2 foram 
analisados. De um modo geral, o tratamento com iSGLT2 esteve associado com a reversão de características 
patofisiológicas sistémicas relacionadas com diabetes tipo 2, morfologia renal, função renal (biomarcadores 
de soro, urina e tecido) e mecanismos celulares e moleculares subjacentes a lesões renais (incluindo 
inflamação, stress oxidativo e apoptose). Estes efeitos foram observados em vários modelos de doença 
renal. Apesar disso, os casos de agravamento da progressão da doença não estiveram ausentes e devem ser 
considerados. 
Stress oxidativo, inflamação e fibrose são processos relevantes que contribuem para a progressão de 
doenças renais e deterioram a morfologia e função renal. O bloqueio dos co-transportadores sódio-glucose 
2 esteve fortemente associado com a mitigação destes processos, provavelmente devido à sua habilidade 
para melhorar características hemodinâmicas e metabólicas, e para reduzir glucotoxicidade.  No entanto, 
alterações metabólicas severas, em situações particulares, podem comprometer os efeitos benéficos a nível 
renal dos iSGLT2. Compreender os detalhes dos mecanismos de ação dos iSGLT2 pode ser de capital 
importância para inequivocamente expor o potencial nefroprotetivo dos iSGLT2 ao mesmo tempo que se 
reduzem os efeitos adversos.  
Palavras-chave: inibidores dos co transportadores sódio-glucose; iSGLT2; rim; renoproteção 
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Sodium-glucose co-transporter 2 (SGLT2) inhibitors (e.g. canagliflozin, dapagliflozin, empagliflozin, 
ertugliflozin) have been recently approved for type 2 diabetes mellitus (T2DM) treatment, a metabolic 
disease affecting a huge number of persons worldwide. Subsequently to their marketing authorization, 
various clinicals trials involving SGLT2 inhibitors (iSGLT2) drugs have joined important information that, 
besides contributing to updated T2DM management guidelines, have also reported relevant data hinting for 
their potential to afford nephroprotection. In the present review, we proposed to take a step back into in 
vivo and in vitro studies and gather pre-clinical evidence aimed to better understand the mechanisms 
underlying iSGLT2 renal protection. 
Literature review was performed for cellular and experimental animal models of diabetic nephropathy, 
chronic kidney disease (CKD) and acute kidney injury (AKI) receiving iSGLT2 treatment. Data extraction was 
performed from primary research papers of quantitative design published in the period between January 
2013 and December 2018. Only publications relevant for iSGLT2 nephroprotection were considered. 
Publications selected in the present review were assessed for statistically relevant parameters related to 
nephroprotection. A total of 33 publications were included in the present review, corresponding to 42 
experimental models of kidney disease. In total, 546 parameters related to distinct kidney disease models 
and corresponding iSGLT2 treatment outcomes were analyzed. Overall, iSGLT2 treatment was associated 
with a reversal of systemic pathophysiological features underlying T2DM, kidney morphology, kidney 
function (serum, urine and tissue biomarkers) and cellular and molecular mechanisms underlying renal 
injury (including inflammation, oxidative stress and apoptosis). These effects were observed in distinct 
kidney disease models. Nevertheless, worsening of disease severity was not absent and should be 
considered. 
Oxidative stress, inflammation and fibrosis are relevant processes that precipitate progression of kidney 
diseases and deteriorate kidney function and morphology. SGLT2 blockade was chiefly associated with the 
mitigation of these processes, very likely due to their ability to improve hemodynamic and metabolic 
features, and to reduce glucotoxicity. However, severe metabolic shifts may, in particular circumstances, 
hinder iSGLT2 benefic renal effects. Understanding the finetune of iSGLT2 mechanism of action can be of 
the utmost importance to unequivocally disclose iSGLT2 nephroprotective potential while minimizing 
adverse events. 
Keywords: sodium-glucose co-transporter 2 inhibitors; iSGLT2; kidney; nephroprotection 
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Diabetes ranks among the top 10 causes of death worldwide and in the last few years an estimate 
of 400 to 450 million adults were considered to be affected by this disease, with an expected 
rising tendency in the incoming years. T2DM plays a chief roll in this scenario, representing 
between 87% and 95% of the total number of diabetes cases.(1–3) 
T2DM is a complex multifactorial metabolic disease, mainly characterized by elevated plasmatic 
glucose levels. Hyperglycemia in T2DM is thought to arise as a consequence of various factors, 
such as increased insulin resistance, decreased insulin secretion, increased hepatic glucose 
production, increased lipolysis, decreased incretin effect, neurotransmitter dysfunction, increased 
glucagon secretion and increased glucose reabsorption.(1,2,4) Other factors like renin-
angiotensin-aldosterone system (RAAS) regulation and vitamin D levels have also been associated 
with T2DM pathogenesis, further deepening the recognized complexity of this metabolic 
disease.(5,6) Indeed, the interaction between these factors contributes to a cycle of progressive 
metabolic deterioration, further increasing hyperglycemia and ultimately affecting various 
systems and contributing to various complications and the onset of metabolic syndrome, a cluster 
of risk factors consisting of hypertension, dyslipidemia, hyperglycemia and abdominal 
obesity.(7,8) 
Microvascular and macrovascular complications are common in patients with T2DM. In fact, at 
the time of clinical diagnosis microvascular complications like retinopathy, peripheral neuropathy 
and microalbuminuria are already present.(9,10) Moreover, screening for people at high risk of 
T2DM detected a statistically comparable prevalence of microvascular complications in people 
with undiagnosed diabetes and people diagnosed in clinical practice, supporting the early onset of 
these complications in the disease’s progression.(10) Although relatively mild in the early stages 
of T2DM, if left unmanaged, microvascular complications like retinopathy, neuropathy and 
nephropathy will progressively worsen due to tissue activated inflammatory and fibrotic 
processes, and lead to more severe morbidity such as blindness,  neural dysfunctions and end-
stage renal disease, respectively.(11,12) On the other hand, macrovascular complications consist 
of damage provoked on arteries and smooth muscle, that will lead to increasingly higher risk and 
incidence of atherosclerosis, coronary artery disease, peripheral arterial disease, stroke and other 
macrovascular diseases, with consequential higher mortality risk.(11,12)  
In the long course of T2DM evolution, rigorous plasmatic glucose control is paramount in the 
management of T2DM progression and subsequent complications. Besides lifestyle changes 
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(adopting a balanced diet, weight management, amongst others), an array of pharmacological 
tools is available and should be used considering each patient’s profile and comorbidities.(13,14)  
 
Figure 1 - American Diabetes Association and European Association for the Study of Diabetes consensus algorithm with general 
recommendations on pharmacotherapeutic approaches for T2DM (Taken from Davies MJ, et al. 2018).(14) 
ASCVD: Atherosclerotic cardiovascular disease; CKD: Chronic kidney disease; CVD: Cardiovascular disease; DPP4-i: dipeptidyl peptidase 4 inhibitors; GLP-1 
RA: Glucagon-like peptide-1 receptor agonists; HbA1c: Glycosylated hemoglobin A1c SGLT2i: Sodium-glucose co-transporter 2 inhibitors; SU: Sulfonylureas; 
TZD: thiazolidinediones.  
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Available options consist primarily of biguanides, iSGLT2, glucagon-like peptide-1 receptor 
agonists, dipeptidyl peptidase-4 inhibitors, thiazolidinediones, sulfonylureas, insulin and insulin 
analogs, among other drug classes currently less prevalent in clinical practice. Therapy choice is 
generally based on recommended algorithms, that can follow an overall approach (Figure 1) in 
patients with minimal complications or follow specific approaches in patients with more severe 
complications (for example atherosclerotic cardiovascular disease, chronic kidney disease or the 
need for weight loss).(14,15) 
These algorithms have been updated in the last few years in face of the newer evidence from 
preclinical and clinical trials, in which iSGLT2 related studies emerge as one of the most heavily 
researched.(14) iSGLT2 (e.g. canagliflozin, dapagliflozin, empagliflozin) are the most recently 
approved oral drug class for T2DM management that act by increasing glucose urinary excretion. 
Through selective inhibition of SGLT2-mediated glucose reabsorption in the kidney, iSGTL2 drugs 
prompt lower plasmatic glucose levels.  Sodium-glucose co-transporters are a family of 12 
proteins present in epithelial cells that are able of actively transporting glucose in various tissues. 
Particularly, SGLT2 are ideal targets for modulation of renal glucose excretion as they are almost 
solely present in the S1 and S2 segments of the proximal convoluted tubule (PCT) and are 
cumulatively responsible for 90% of the renal glucose reabsorption. With an average of 180 g of 
filtered glucose per day in healthy subjects, from which about 99% is reabsorbed to blood stream, 
the kidney-directed mechanism of action of iSGLT2 substances is a valuable therapeutic weapon 
in almost all subgroups of T2DM patients, being exceptions patients that manifest relevant 
hypoglycemia or sustained changes in glomerular filtration rate (GFR). Long term glycemic control, 
commonly measured through glycosylated hemoglobin A1c (HbA1c), is essential in T2DM 
management and SGLT2 inhibitors are now recognized for their impact on weight loss, reduction 
of plasma glucose without inducing increased insulin secretion or hypoglycemia, reduction of 
blood pressure, cardiovascular protection, reduction of hyperuricemia and nephroprotection.(16–
18) 
Interestingly, the kidney is the main target of iSGLT2 mechanism of action. The kidneys (Figure 2) 
are two organs that mediate interactions between circulatory and urinary systems and through 
those interactions, they are capable of regulating hydric, electrolytic and acid-base balances of 
the body.(19,20) Blood flows to the kidney and into the afferent arterioles, where it derives to 
glomerular capillaries, which in turn converge to efferent arterioles. It’s in glomerular capillaries 
that we begin to identify the main functional units of the kidney: the nephrons (Figure 3).(19,21)  
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Nephrons are present in normal kidneys in amounts surrounding 1.0 to 1.2 million nephrons per 
kidney and are located in the cortex or the cortico-medullary junction. The main structures of the 
nephron are the afferent and efferent capillaries (glomerular tuft), Bowman’s capsule, PCT, loop 
of Henle, distal convoluted tubule, and the collecting duct. It is along these structures that occur 
main processes of the nephron: filtration, reabsorption and secretion.(19,22) 
 
Figure 2 - Kidney general structure and main components (Taken from Leslie SW, et al. 2019).(20) 
In healthy subjects, filtration occurs passively in the glomerulus where fluid and solutes are 
pressured into the tubule, with plasmatic components such as water, sodium chloride, glucose, 
amino acids, creatinine or urea being filtered, and components like proteins and cells following 
unfiltered to the efferent arterioles. Reabsorption of the filtered components and secretion of 
plasmatic components may occur through passive diffusion or active transport between the 
various segments of the tubule and the peritubular capillaries originated from the efferent 
arterioles. In the PCT occurs the majority of reabsorption, where essentially all filtered glucose 
and amino acids are reabsorbed, as well as the majority of water and sodium chloride. 
Furthermore, along the PCT, loop of Henle and distal convoluted tubule occur several 
reabsorption and secretion processes, mediated by distinct means such as  gradients, transporting 
proteins and hormone interactions, mainly promoting reabsorption of useful substances and 
secretion of metabolic waste, finally culminating in the excretion of less than 1% of the filtered 
load into the collecting duct and later into urine. It is through the sum of these processes that the 
kidney is able to contribute to an overall stable environment for tissue and cell 
metabolism.(18,19,22)  
However, a multitude of factors can influence the normal function and structure of the kidney, 
contributing to acute damage or disease onset. AKI is characterized by a quick decline in GFR 
within a period of some hours to a few months, causing retention of metabolic wastes. It can be 
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caused by factors like ischemia, exogenous toxicity, endogenous toxicity or infection, and can 
produce vascular, glomerular, tubular and/or interstitial damage.(23) 
 
Figure 3 – Detailed constituents of the cortical and cortico-medullar nephrons (Taken from “Rodriguez F, et al. 2004”).(21) 
CKD, on the other hand, is characterized by decreased kidney function, shown by GFR inferior to 
60 mL/min/1,73 m2, and/or at least 1 marker of kidney damage, both measured in a period over 3 
months. It can be sub-divided into stages, from G1 (normal function) to G5 (kidney failure or end-
stage renal disease), and its causes are heterogenic, contributing to sustained renal injury and 
development of glomerulosclerosis, tubular atrophy, and interstitial fibrosis. Predominant causes 
of CKD worldwide are T2DM, hypertension and primary glomerulonephritis.(24)  
Diabetic nephropathy is a complex and multifactorial condition, with distinct underlying 
pathophysiological mechanisms, and is typically characterized in early stages by either 
microalbuminuria and/or hyperfiltration (i.e. increased GFR).(25–27) Similarly, disease 
progression can also occur due to various factors. It is understood that metabolic and 
hemodynamic imbalances, and their interactions, are the main contributors to both disease onset 
and disease progression. Hyperglycemia, the main player in metabolic renal damage, acts via 
extracellular and intracellular generation of advanced glycation end-products (AGEs), activation of 
protein kinase C, and activation of the polyol pathway, all of which contributing to reactive 
oxygen species (ROS)  overproduction.(25,27) Hemodynamic alterations such as hypertension, 
exerts a physical pressure over renal vascularization and glomerular capillaries, RAAS activation, 
mainly due to Angiotensin II mediated overproduction of ROS, further contributes to the 
progression of this disease.(25,27,28) Aforementioned metabolic and hemodynamic alterations 
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create an environment of oxidative stress that will intensify noxious cell signaling and cytokine 
production. These mediators contribute to hyperfiltration, exacerbation of angiogenesis, 
extracellular matrix protein accumulation, inflammatory response and apoptosis, that will 
ultimately affect the functional and structural composition of the vascular, glomerular, tubular 
and interstitial ambiance.(27,28) Damage provoked to epithelial and glomerular cells is generally 
accepted as the most common precursor of diabetic nephropathy, but recent evidence also point 
towards tubulointerstitial originated nephropathy phenotypes, highlighting the heterogenicity of 
both diabetic kidney disease inception, progression and eventual kidney failure.(25,27–29) 
T2DM patients are at a higher risk of developing renal diseases, namely AKI, CKD, diabetic 
nephropathy or even an association of the last two.(30) Due to obvious constraints within human 
experimentation, a proper understand of cellular and molecular mechanisms underlying iSGLT2 
nephroprotection has been achieved through in vitro and in vivo models within preclinical 
research.  
AKI models of injury mimic the rapid and transitory decrease in function through methods such as 
reduction of renal blood flow (e.g. ischemia-reperfusion – [IR] – by surgically clamping the pre-
renal arterial), insults to the structural components of the kidney (e.g. nephrotoxicity via 
compounds like gentamicin) or urinary tract obstruction (e.g. unilateral ureteric obstruction – 
[UUO] – or nephrolithiasis via crystal inducing substances like oxalate).(30,31) 
Models of CKD focus on whole kidney damage or on segmental damage in specific structures, like 
the glomerulus or tubules. These models include: i) hypertensive models, the most representative 
among CKD models, include genetic (e.g. Dahl salt-sensitive rat), surgical (e.g. subtotal 
nephrectomy – [SNX] – or unilateral nephrectomy – [UNX]) and toxicity models (e.g. 
administration of adriamycin); ii) auto-imune disease models (e.g. IgA nephropathy in ddy mice); 
iii) models of hereditary diseases (e.g. Alport syndrome in alport mice).(30,31) 
Diabetic nephropathy animal models may arise from artificial induction, selective breeding and 
genetical engineering.(32) Artificial induction models consist primarily of pancreatic toxicity 
induced in rodents through streptozotocin (STZ) administration, which provokes insulin deficiency 
and induces type 1 diabetes mellitus (T1DM),(33) and dietary imbalances with high-carbohydrate 
or high-lipid intake (e.g. Western diet – [WD]), which contribute to obesity, insulin resistance and 
consequently T2DM.(32) Various spontaneous diabetic strains of mice and rat are available, 
where genetic profiles with predisposition for the onset of diabetes are the common 
denominator. Some of the most notable are Akita mice (deficiency in Insulin-2 folding, leading to 
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insulin deficiency and stemming T1DM),(34) db/db mice (deficiency in leptin receptor, leading to 
overeating, obesity, insulin resistance, and precipitating T2DM features),(35) BTBR ob/ob mice 
(insulin resistant BTBR mice with deficiency in leptin ligand, leading to obesity associated with 
insulin resistance, obesity and originating T2DM features),(36) KK-Ay mouse (KK/Ta mouse, a 
model with mild T2DM phenotypic characteristics, transfected with the Ay obese gene, 
consequently exhibiting more severe characteristics of T2DM such as obesity, hyperglycemia, high 
levels of HbA1c and albuminuria),(37) and the OLETF rat (polygenic and sex-dependent model o 
T2DM, with phenotypical hyperglycemia, polyuria, mild obesity, hypertension, dyslipidemia and 
diabetic nephropathy).(38) Overlapping different experimental models can also be a tool to 
replicate the clinical incidence of simultaneous kidney afflictions, as CKD and diabetic 
nephropathy are commonly found together.(30,31) 
At a cellular level, in vitro models can also be useful to evaluate signaling pathways and related 
cellular processes. Although lacking the functional and structural complexity that arise from in 
vivo models, in vitro studies allow the identification and comprehension of biomarkers underlying 
mechanisms involved in nephropathy. Generally, they rely on the cellular exposure to mediators 
present in pathological conditions such as high glucose, AGEs, transforming growth factor beta 
(TGFβ), albumin or other proteins. Cell lines can be of human or animal origin and human renal 
proximal tubule epithelial cells (RPTEC), immortalized human kidney 2 proximal tubule cells (HK2) 
and spontaneously immortalized pig Lilly Laboratories Cell-Porcine Kidney 1 proximal tubule cells 
are among the most widely used.(39) 
Through quantification of biomarkers and other parameters, it is possible to assess the state and 
progression of kidney disfunction and injury in vivo. Measuring systemic, hemodynamic and 
cardiorenal parameters like bodyweight, blood pressure or plasmatic glucose, that directly or 
indirectly influence kidney disease, is important to establish a feasible baseline for interpretation 
of renal-specific parameters.(40) Kidney damage implies pathologic abnormalities affecting the 
functional and structural basis of the kidney and can be assessed by biopsy, analytical or imaging 
methods. In clinical and research settings, kidney function is majorly assessed by GFR that can be 
estimated with endogenous or exogenous markers such as plasmatic creatinine, plasmatic 
cystatin C, plasmatic blood urea nitrogen (BUN) or urinary inulin.(41) Loss of kidney function can 
be indicated by deviations from standard values in these parameters, or by appearance of renal 
damage indicators like albuminuria, proteinuria or polyuria.(41) As renal damage chronically 
evolves, biomarkers like nephrin (an indicator of glomerular injury), kidney injury molecule-1 
(KIM1) (an indicator of tubular damage), neutrophil gelatinase-associated lipocalin (NGAL) (an 
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indicator of tubulointerstitial injury), N-acetil-β-D-glicosaminidase (NAG) (and indicator of 
proximal tubule damage), and alfa-smooth muscle actin (αSMA) or collagen (indicators of fibrotic 
processes) are useful.(41–43) 
Moreover, kidney histology is a valid resource in experimental settings to analyze morphology. 
Such methods may help to perceive structural injury and precise the location of damage. Useful 
approaches include distinct stainings such as hematoxylin and eosin (enabling analysis of general 
cellular integrity), periodic acid Schiff’s (enabling visualization of glomerular and tubular 
membranes), Masson’s trichrome or Sirius Red (enabling visualization of fibrosis), or 
immunostaining with monoclonal antibody ED1 (enabling visualization of macrophage infiltration 
and assessment of inflammation), among many others.(44–46) 
Finally, it is relevant to assess cellular parameters and molecular pathways that underlies kidney 
injury. Detecting markers of oxidative stress (e.g. malondialdehyde – [MDA] - and 8-
hydroxydeoxyguanosine – [8OHdG]), inflammatory processes (e.g. TGFb and macrophage 
chemoattractant protein-1) and apoptosis (e.g. mitofusin 2 – [Mfn2] - and optic atrophy 1 – 
[Opa1]) are important to understand renal disease progression in general, along with glucose 
metabolism pathways-related markers, important in diabetic nephropathy in particular.(47–50) 
Based on the growing clinical evidence of nephroprotection provided by the antidiabetic iSGLT2 
drugs,(51,52) the mains goals of present work are twofold: 1) to provide an updated review 
focused on physiological/cellular mechanisms underlying iSGLT2 nephroprotection. Moreover, a 
proper clarification of such mechanisms also allows 2) the identification of putative side effects 
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Data collection was based on primary research works published between January 2013 and 
December 2018 in English language. Studies containing pre-clinical evidence from in vitro models 
and in vivo models of kidney disease treated with iSGLT2 substances were obtained by Pubmed 
search. The search was conducted using Medical subject heading (MeSH) terms and keywords 
related to SGLT2 inhibitors and renoprotection (Figure 4) combined with boolean operators 
AND/OR. A total of 80 records were obtained from the search. Searching in different databases 
did not yield relevant results over the 80 records obtained in PubMed search. 
 
Figure 4 - MeSH terms and keywords used in Pubmed literature review. 
Abstracts of selected articles were screened for relevance. The inclusion of studies in this review 
was based in works focused on mechanisms or biomarkers related to renal benefits of SGLT2 
inhibitors (total excluded: 41 records). Full texts of the selected abstracts were reviewed for 
eligibility (total excluded: 6 records). Screening for additional data in the selected articles did not 
yield further relevant studies. The final number of reports included in the present review is 33 
records (Figure 5). 
 
Figure 5 - Flow diagram illustrating the search strategy. 
 
Papers included 
(N = 33) 
Papers included 
(N = 33) 
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In each paper, quantitative parameters were compiled and assessed for relevance. When 
repeated measures of a certain feature were conducted, only the final observation recorded was 
considered in present work. Key findings of iSGLT2 effects on renal damage were obtained from 
the comparisons and statistical analysis provided by authors between kidney disease 
experimental models treated with iSGTL2 compounds versus those without treatment. A total of 
791 parameters were compiled.  
Parameters measured in organs other than the kidney (total: 40) and measured in humans (total: 
14) were excluded. Parameters considered not relevant for the present study, such as water 
intake or survival, were excluded (total: 45). Parameters without statistical significance were 
excluded (total: 146). A total of 546 parameters were included in the final review. 
In order to enhance the readability of this work, results are structured in 3 distinct sections: 3.1 
(influence of iSGLT2 on systemic features), 3.2 (influence of iSGLT2 on kidney morphology and 
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Herein, we describe the main results from the 33 studies included in this review. Some of the 
studies conducted multiple experiments  relevant to our goal,  corresponding to a total of 9 in 
vitro (53–60) and 33 in vivo  (55,57–85) experiments. 
 
Table 1 - Main aspects of selected experimental models 
Category iSGLT2 Dosage Experimental model Experiment duration Reference 
DN dapagliflozin 0,1-1,0 mg/kg/day db/db mice 12 weeks (60) 
1 mg/kg/day db/db mice 12 weeks (64) 
Fructose fed STZ-Wistar rats 8 weeks (71) 
HFD fed Wistar rats 20 weeks (63) 
OLEFT rats 12 weeks (73) 
2 mg/kg/day STZ-Wistar rats 12 weeks (82) 
5 mg/kg/day WD fed C57BL/6 mice 26 weeks (79) 
empagliflozin 10 mg/kg/day db/db mice 10 weeks (84) 
5 weeks (59) 
STZ-eNOS knockout C57BL/6 mice 19 weeks (85) 
STZ-Sprague Dawley rats 4 weeks (70) 
30 mg/kg/day BTBR ob/ob mice 12 weeks (61) 
BTBR ob/ob mice + hypertension 6 weeks (61) 
70 mg/kg/day Ins2+/Akita mice 15 weeks (78) 
ipragliflozin 0,3-3,0 mg/kg/day db/db mice 8 weeks (65) 
STZ-BALB/c mice 2 weeks (65) 
10 mg/kg/day HFD fed C57BL/6 mice 16 weeks (57) 
4 mg/kg/day BTBR ob/ob mice 18 weeks (76) 
luseogliflozin 10 mg/kg/day STZ-Dahl rats 8 weeks (66) 
10 mg/kg/day T2DN rats 12 weeks (67) 
tofogliflozin 5,0-15,0 mg/kg/day db/db mice 8 weeks (69) 
KK-Ay/Ta mice 5 weeks (62) 
DN + CKD dapagliflozin 1 mg/kg/day UNX db/db mice 14 weeks (77) 
ipragliflozin 0,1-3,0 mg/kg/day UNX STZ-ICR mice 7 weeks (75) 
CKD dapagliflozin 1 mg/kg/day SNX Sprague Dawley rats 12 weeks (80) 
8 weeks (72) 
1,5 mg/kg/day UNX Protein-overload proteinuria 
C57BL/6 mice  
23 days (83) 
ipragliflozin 0,1-3,0 mg/kg/day UNX KK-Ay mice 4 weeks (74) 
luseogliflozin 30 mg/kg/day IR-C57BL/6 mice 4 weeks (58) 
AKI dapagliflozin 10 mg/kg/day IR-C57BL/6 mice 48 hours (55) 
empagliflozin 10 mg/kg/day High-oxalate fed C57BL/6 mice 2 weeks (68) 
UUO Wistar rats 3 weeks (81) 
luseogliflozin 30 mg/kg/day UNX IR-C57BL/6 mice 1 week (58) 
in vitro canagliflozin 500 nM HK-2 cells + TGFβ 24 hours (53) 
dapagliflozin 0,2-20,0 µM mProx24 cells + HG 24 hours (60) 
1-10 µM HK-2 cells + Hypoxia 30 minutes (55) 
10-100 µM HK-2 cells + HG 48 hours (56) 
empagliflozin 100-500 nM HK-2 cells + HG 72 hours (54) 
500 nM HK-2 cells + HG 6 hours (59) 
RPTEC cells + TGFβ 24 hours (53) 
ipragliflozin 10 nmol/L HK-2 cells + Palmitate 48 hours (57) 
luseogliflozin 100 nmol/L mProx24 cells + Hypoxia 26 hours (58) 
AKI: Acute kidney injury; CKD: Chronic kidney disease; DN: Diabetic nephropathy; HFD: High-fat diet; HG: High glucose; HK2: Human kidney 2 proximal tubule; RPTEC: 
Renal proximal tubule epithelial cells; SNX: Subtotal nephrectomy; STZ: Streptozotocin; UNX: Unilateral nephrectomy; UUO: Unilateral ureteric obstruction; WD: 
Western diet; 
 
Distinct methodological approaches were used to replicate experimental features of renal 
damage. High glucose and hypoxia conditions were the main methodological approaches to elicit 
renal insult during in vitro experiments. Considering in vivo models of renal injury, both diabetic 
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(genetic-, chemical- and/or diet-induced) and non-diabetic (nephrectomy, ureteric obstruction, IR) 
rodent models were selected from an array of animal strains (C57BL/6 mice, Wistar rats, Sprague-
Dawley rats, Dahl rats, BALD/c mice, T2DN rats, BTBR mice, KK-Ay mice, ICR mice and Akita mice). 
Animal experiments comprised models of AKI, CKD and diabetic nephropathy. SGLT2 inhibitors 
comprised the active substances canagliflozin (only used on in vivo experimental models) as well 
as dapagliflozin, empagliflozin, ipragliflozin, luseogliflozin and tofogliflozin (only used on in vivo 
experimental models). A synthesis of these data is shown in Table 1.  
3.1. Influence of iSGLT2 on systemic features  
We started with the analysis of in vivo evidence focused on the influence of SGLT2 inhibitors on 
systemic pathophysiological features, particularly those that characterize T2DM.  
3.1.1. Body and fat weight 
Opposing evidence was observed regarding SGLT2 inhibitors impact on body weight. While SGLT2 
inhibitors have shown a relevant effect in reducing body weight in 6 studies, the remaining ones 
detected a relevant increase in this parameter. Particularly, dapagliflozin and luseogliflozin 
contributed to both outcomes in different experimental models. Visceral fat weight versus body 
weight ratio was significantly reduced upon dapagliflozin (1 mg/kg/day) treatment (Table 2). 
Table 2 - Effect of iSGLT2 on body and fat weight  
Parameter Effect iSGLT2 Dosage Experimental model Reference 
Body weight (-) dapagliflozin 1 mg/kg/day HFD fed Wistar rats (63) 
5 mg/kg/day WD fed C57BL/6 mice (79) 
ipragliflozin 0,1-3,0 mg/kg/day UNX STZ-ICR mice (75) 
1,0-3,0 mg/kg/day UNX KK-Ay mice (74) 
3,0 mg/kg/day db/db mice (65) 
luseogliflozin 10 mg/kg/day T2DN rats (67) 
(+) dapagliflozin 0,1-1,0 mg/kg/day db/db mice (60) 
empagliflozin 10 mg/kg/day db/db mice (84) 
70 mg/kg/day Ins2+/Akita mice (78) 
luseogliflozin 10 mg/kg/day STZ-Dahl rats (66) 
tofogliflozin 5,0-15,0 mg/kg/day db/db mice (69) 
(=) dapagliflozin 1 mg/kg/day db/db mice (64) 
OLEFT rats (73) 
UNX db/db mice (77) 
empagliflozin 10 mg/kg/day STZ-eNOS knockout C57BL/6 mice (85) 
STZ-Sprague Dawley rats (70) 
30 mg/kg/day BTBR ob/ob mice (61) 
ipragliflozin 10 mg/kg/day HFD fed C57BL/6 mice (57) 
4 mg/kg/day BTBR ob/ob mice (76) 
tofogliflozin 5,0-15,0 mg/kg/day KK-Ay/Ta mice (62) 
Visceral fat weight/Body weight ratio (-) dapagliflozin 1 mg/kg/day HFD fed Wistar rats (63) 
The effect column sums up the information available in all included studies. (-) statistically significant decrease; (+) statistically significant increase; (=) absence of 





MESTRADO EM FARMÁCIA | ESPECIALIZAÇÃO EM FARMACOTERAPIA APLICADA 




3.1.2. Metabolic profile 
A significant reduction of plasmatic glucose levels was observed upon iSGLT2 treatment in the 
large majority of studies included in this review, with 3 experiments failing to achieve the same 
reduction. Consequently, it would be expected a similar pattern of HbA1c levels, which was the 
case in every study assessed. Insulin concentration in the blood was lowered upon iSGLT2 action 
in all studies, with the exception of an experimental model of STZ induced diabetes. Both glucose 
and insulin tolerance were ameliorated in almost all treated subgroups, with both parameters 
failing to have a statistically significant improvement in a single study of a db/db mice model. In 
this case, dapagliflozin failed to improve glucose and insulin tolerance and also aggravated 
pyruvate tolerance by the end of the 24 weeks experiment (Table 3). 
Interestingly, plasmatic leptin and fibroblast growth factor 21 (FGF21) levels had a significant 
decrease by iSGLT2 action. Finally, metabolic improvement was also observed within lipidic field 
with both plasmatic cholesterol and triglycerides showing a statistically decreased levels in iSGLT2 
treated groups (Table 3). 
Table 3 - Effect of iSGLT2 on metabolic profile of renal-damage models 
Parameter Effect iSGLT2 Dosage Experimental model Reference 
Plasma glucose (-) dapagliflozin 1 mg/kg/day db/db mice (64) 
db/db mice (60) 
OLEFT rats (73) 
UNX db/db mice (77) 
1,5 mg/kg/day UNX Protein-overload proteinuria C57BL/6 mice  (83) 
2 mg/kg/day STZ-Wistar rats (82) 
5 mg/kg/day WD fed C57BL/6 mice (79) 
empagliflozin 10 mg/kg/day db/db mice (84) 
STZ-Sprague Dawley rats (70) 
70 mg/kg/day Ins2+/Akita mice (78) 
30 mg/kg/day BTBR ob/ob mice (61) 
ipragliflozin 0,3-3,0 mg/kg/day UNX KK-Ay mice (74) 
1,0-3,0 mg/kg/day UNX STZ-ICR mice (75) 
3,0 mg/kg/day db/db mice (65) 
STZ-BALB/c mice (65) 
4 mg/kg/day BTBR ob/ob mice (76) 
luseogliflozin 10 mg/kg/day STZ-Dahl rats (66) 
T2DN rats (67) 
tofogliflozin 5,0-15,0 mg/kg/day KK-Ay/Ta mice (62) 
db/db mice (69) 
(=) empagliflozin 10 mg/kg/day STZ-eNOS knockout C57BL/6 mice (85) 
High oxalate fed C57BL/6 mice (68) 
HbA1c (-) dapagliflozin 1 mg/kg/day OLEFT rats (73) 
UNX db/db mice (77) 
db/db mice (60) 
empagliflozin 10 mg/kg/day db/db mice (84) 
STZ-Sprague Dawley rats (70) 
ipragliflozin 0,3-3,0 mg/kg/day UNX KK-Ay mice (74) 
1,0-3,0 mg/kg/day UNX STZ-ICR mice (75) 
luseogliflozin 10 mg/kg/day STZ-Dahl rats (66) 
T2DN rats (67) 
tofogliflozin 5,0-15,0 mg/kg/day db/db mice (69) 
Plasma insulin (-) dapagliflozin 1 mg/kg/day HFD fed Wistar rats (63) 
5 mg/kg/day WD fed C57BL/6 mice (79) 
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Parameter Effect iSGLT2 Dosage Experimental model Reference 
empagliflozin 70 mg/kg/day Ins2+/Akita mice (78) 
ipragliflozin 1,0-3,0 mg/kg/day UNX KK-Ay mice (74) 
UNX STZ-ICR mice (75) 
luseogliflozin 10 mg/kg/day T2DN rats (67) 
(=) luseogliflozin 10 mg/kg/day STZ-Dahl rats (66) 
Glucose tolerance (+) dapagliflozin 1 mg/kg/day HFD fed Wistar rats (63) 
OLEFT rats (73) 
ipragliflozin 1,0-3,0 mg/kg/day UNX KK-Ay mice (74) 
UNX STZ-ICR mice (75) 
(=) dapagliflozin 1 mg/kg/day db/db mice (64) 
Pyruvate tolerance (-) dapagliflozin 1 mg/kg/day db/db mice (64) 
Insulin tolerance (+) ipragliflozin 1,0-3,0 mg/kg/day UNX KK-Ay mice (74) 
UNX STZ-ICR mice (75) 
(=) dapagliflozin 1 mg/kg/day db/db mice (64) 
Insulin resistance (-) dapagliflozin 1 mg/kg/day HFD fed Wistar rats (63) 
ipragliflozin 1,0-3,0 mg/kg/day UNX KK-Ay mice (74) 
UNX STZ-ICR mice (75) 
Plasma cholesterol (-) dapagliflozin 1 mg/kg/day HFD fed Wistar rats (63) 
5 mg/kg/day WD fed C57BL/6 mice (79) 
ipragliflozin 1,0-3,0 mg/kg/day UNX KK-Ay mice (74) 
Plasma triglycerides (-) dapagliflozin 5 mg/kg/day WD fed C57BL/6 mice (79) 
ipragliflozin 1,0-3,0 mg/kg/day UNX KK-Ay mice (74) 
UNX STZ-ICR mice (75) 
Plasma leptin (-) ipragliflozin 1,0-3,0 mg/kg/day UNX KK-Ay mice (74) 
   3,0 mg/kg/day UNX STZ- ICR mice (75) 
Plasma FGF21 (-) ipragliflozin 1,0-3,0 mg/kg/day UNX KK-Ay mice (74) 
   3,0 mg/kg/day UNX STZ-ICR mice (75) 
The effect column sums up the information available in all included studies. (-) indicates a statistically significant decrease in the parameter; (+) indicates a significant 
increase in the parameter; (=) indicates there was no significant differences in the parameter; FGF21: Fibroblast growth factor 21; HbA1c: Glycosylated hemoglobin 
A1c; HFD: High-fat diet; SNX: Subtotal nephrectomy; STZ: Streptozotocin induced diabetes; UNX: Unilateral nephrectomy; WD: Western diet; 
3.1.3. Glucose transporters and related signaling pathways 
In order to evaluate the impact of iSGLT2 on glucose related imbalances associated with T2DM, 
some studies explored the ability of iSGLT2 to induce significant changes in key glucose 
transporters and/or to modulate related metabolic pathways.  
Amongst all studied glucose transporters (Table 4), only SGLT2 was shown to significantly alter the 
basal expression. Cellular glucose content was significantly reduced by iSGLT2 molecules in an in 
vitro model of hypoxic HK2 cells and in an in vivo model of IR C57BL/6 mice and remained 
unchanged in other 2 in vivo experiments. 
Enzymes phosphoenolpyruvate carboxykinase 1 (Pck1) and glucose-6-phosphatase (G6p) were the 
only gluconeogenic enzymes studied in the included studies of this review. The expression of both 
enzymes was significantly enhanced upon iSGLT2 treatment. However, Pck1 had different 
outcomes in other 2 studies, remaining unchanged in an experimental model of db/db mice 
treated with empagliflozin and being significantly reduced in a second experimental model of 
Ins2+/Akita mice treated with empagliflozin (Table 4). 
Regarding glucose signaling pathways, one group of investigators assessed glucose metabolic 
pathways in a renal-damage model of BTBR ob/ob mice.  Researchers observed a significant shift 
towards the polyol pathway (as evidenced by the elevated fructose content in the diabetic kidney) 
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and the tricarboxylic acid (TCA) pathway (were the citrate, cis-aconitate and 2-oxo-glutarate 
metabolites levels displayed the most noticeable increase). Ipraglifozin successfully lowered the 
concentration of TCA metabolites, whereas fructose content remained unchanged. Finally, the 
presence of ipragliflozin significantly lowered the total glucose metabolites concentration in BTBR 
ob/ob mice (Table 4). 
Table 4 - Effect of iSGLT2 on key glucose transporters and components of glucose metabolic pathways 
Parameter Effect iSGLT2 Dosage Experimental model Reference 
SGLT1* (=) dapagliflozin 1 mg/kg/day HFD fed Wistar rats (63) 
empagliflozin 70 mg/kg/day Ins2+/Akita mice (78) 
30 mg/kg/day BTBR ob/ob mice (61) 
SGLT1# (-) empagliflozin 10 mg/kg/day STZ-Sprague Dawley rats (70) 
(=) empagliflozin 10 mg/kg/day db/db mice (84) 
70 mg/kg/day Ins2+/Akita mice (78) 
30 mg/kg/day BTBR ob/ob mice (61) 
SGLT2* (-) dapagliflozin 1-10 µM HK2 cells + Hypoxia (55) 
(=) empagliflozin 70 mg/kg/day Ins2+/Akita mice (78) 
SGLT2# (-) empagliflozin 70 mg/kg/day Ins2+/Akita mice (78) 
(=) empagliflozin 10 mg/kg/day db/db mice (84) 
GLUT1# (-) empagliflozin 70 mg/kg/day Ins2+/Akita mice (78) 
GLUT2* (=) luseogliflozin 30 mg/kg/day IR-C57BL/6 mice (58) 
GLUT2# (-) empagliflozin 70 mg/kg/day Ins2+/Akita mice (78) 
(=) empagliflozin 10 mg/kg/day db/db mice (84) 
G6P (+) dapagliflozin 1 mg/kg/day db/db mice (64) 
Pck1 (+) dapagliflozin 1 mg/kg/day db/db mice (64) 
(-) empagliflozin 70 mg/kg/day Ins2+/Akita mice (78) 
(=) empagliflozin 10 mg/kg/day db/db mice (84) 
Cytosolic glucose content (-) dapagliflozin 1-10 µM HK2 cells + Hypoxia (55) 
(=) empagliflozin 10 mg/kg/day db/db mice (84) 
ipragliflozin 4 mg/kg/day BTBR ob/ob mice (76) 
NBDG (-) luseogliflozin 30 mg/kg/day IR-C57BL/6 mice (58) 
Cytosolic fructose content (=) ipragliflozin 4 mg/kg/day BTBR ob/ob mice (76) 
TCA metabolites (-) ipragliflozin 4 mg/kg/day BTBR ob/ob mice (76) 
Total glucose metabolites (-) ipragliflozin 4 mg/kg/day BTBR ob/ob mice (76) 
The effect column sums up the information available in all included studies. # indicates that the parameter was assessed by mRNA expression levels; (-) indicates a 
statistically significant decrease in the parameter; (+) indicates a significant increase in the parameter; (=) indicates there was no significant differences in the 
parameter. GLUT1: Glucose transporter 1; GLUT2: Glucose transporter 2; G6p: Glucose-6-phosphatase; HFD: High-fat diet; HK2: Human kidney 2 proximal tubule; IR: 
Ischemia-reperfusion; NBDG: fluorescent 2-NBD Glucose; Pck1: Phosphoenolpyruvate carboxykinase 1; SGLT1: Sodium-glucose co-transporter 1; SGLT2: Sodium-
glucose co-transporter 2; SNX: Subtotal nephrectomy; STZ: Streptozotocin induced diabetes; TCA: Tricarboxylic acid; UNX: Unilateral nephrectomy;  
3.1.4. Cardiorenal and hemodynamic features 
Several cardiovascular and hemodynamic features, such as heart rate, mean blood pressure, 
diastolic blood pressure levels remained unchanged in the presence of any iSGLT2 drug. Yet, 
systolic blood pressure had some evidence pointing towards benefic effects of iSGLT2 substances 
in lowering those values, with 4 trials reporting a statistically relevant reduction, whereas in 5 
trials no significant changes were observed (Table 5). 
Similarly, plasmatic aldosterone and urinary aldosterone concentrations did not present 
significant changes between renal injury models with or without treatment. The only study 
reporting plasmatic renin levels showed that in a db/db mice model, renin concentration was 
higher in mice treated with empagliflozin relative to mice with no treatment. Various RAAS 
components were lowered in OLEFT rats treated with dapagliflozin, as described in a study 
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showing a significant decrease in urinary angiotensinogen, urinary angiotensin II and cortical 
angiotensin II receptor type 1 (AT1) (Table 5). 
Table 5 - Effects of iSGLT2 treatment in cardiorenal and hemodynamic features 
Parameter Effect iSGLT2 Dosage Experimental model Reference 
Heart rate (=) empagliflozin 10 mg/kg/day STZ-Sprague Dawley rats (70) 
Mean Blood Pressure (=) luseogliflozin 10 mg/kg/day STZ-Dahl rats (66) 
T2DN rats (67) 
Systolic Blood Pressure (-) dapagliflozin 1 mg/kg/day SNX Sprague Dawley rats (72) 
empagliflozin 70 mg/kg/day Ins2+/Akita mice (78) 
ipragliflozin 1,0-3,0 mg/kg/day UNX KK-Ay mice (74) 
UNX STZ-ICR mice (75) 
(=) dapagliflozin 1 mg/kg/day SNX Sprague Dawley rats (80) 
empagliflozin 30 mg/kg/day BTBR ob/ob mice (61) 
ipragliflozin 0,3-3,0 mg/kg/day db/db mice (65) 
luseogliflozin 10 mg/kg/day T2DN rats (67) 
tofogliflozin 5,0-15,0 mg/kg/day KK-Ay/Ta mice (62) 
Diastolic blood pressure (=) luseogliflozin 10 mg/kg/day T2DN rats (67) 
Plasma renin (+) empagliflozin 10 mg/kg/day db/db mice (84) 
Plasma aldosterone (=) empagliflozin 70 mg/kg/day Ins2+/Akita mice (78) 
Urinary angiotensinogen (-) dapagliflozin 1 mg/kg/day OLEFT rats (73) 
Urinary angiotensin II (-) dapagliflozin 1 mg/kg/day OLEFT rats (73) 
Urinary aldosterone (=) dapagliflozin 1 mg/kg/day UNX db/db mice (77) 
Cortical AT1 (-) dapagliflozin 1 mg/kg/day OLEFT rats (73) 
The effect column sums up the information available in all included studies. (-) indicates a statistically significant decrease in the parameter; (+) indicates a significant 
increase in the parameter; (=) indicates there was no significant differences in the parameter. AT1: angiotensin II receptor type 1; SNX: Subtotal nephrectomy; STZ: 
Streptozotocin induced diabetes; UNX: Unilateral nephrectomy; 
3.2. Influence of iSGLT2 on kidney morphology and function  
We next examined the available evidence regarding iSGLT2 effects on kidney function and 
morphological features. Histology and morphology data, serum and urinary markers, and tissue 
markers are hereby presented. 
3.2.1 Kidney histology and morphological features 
Whole kidney features were evaluated for iSGLT2 impact. A total of 5 studies reported a 
significant decrease in kidney weight due to treatment with a SGLT2 inhibitor.(66,74,75,78,82) 
Cortical area was evaluated in one of the studies where ipragliflozin significantly decreased its 
volume.(65) Whole kidney deposition of calcium oxalate was not changed,(68) but proteins(66) 
and triglycerides(63,79) were significantly lower in the presence of iSGLT2 substances. 
Total kidney fibrosis was thoroughly assessed in studies included in this work. Cortical fibrosis(67) 
and medullary fibrosis(66) were reduced in one study, whereas 3 different studies reported a 
significant reduction in kidney fibrotic area upon iSGLT2 treatments (Figure 6).(58,60,73) 
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Figure 6 - Representative kidney sections of IR C57BL/6 mice without treatment (b,c) versus IR C57BL/6 mice treated with 
luseogliflozin. Staining was performed with Sirius-Red (Taken from Zhang Y, et al. 2018).(58) 
Renal circulation had some improvement due to iSGLT2 action, namely with the reduction of renal 
vascular pressure(67), renal periarterial fibrosis(59) and endothelial factor CD31(58). SGLT2 
inhibitor luseogliflozin also significantly increased vascular endothelial growth factor A in both in 
vitro and in vivo (58). Lastly, damage assessed by cortical hypoxia score(65) and 
congestion/hemorrhage score(58) was significantly reduced in the presence of iSGLT2 drugs. 
 
Figure 7 - Representative glomerular size of db/db mice without treatment (-) versus db/db mice treated with low dose (LD) and high 
dose (HD) of dapagliflozin. Staining was performed with Periodic acid-Schiff (Taken from Kamezaki M, et al. 2018).(65) 
Regarding glomerular features, 4 experiments reported a decrease in glomerular size (Figure 
7).(61,65,69,78) Podocyte density was increased in the single study that investigated this 
parameter. Damage coefficients included mesangial matrix score (reduced in 4 different 
experiments),(60,61,73,79) glomerular injury score (reduced in 4 different 
experiments),(66,67,82,85) and glomerulosclerosis index (reduced in 3 different 
experiments).(74,75,77) 
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Figure 8 - Representative kidney section of IR C57BL/6 mice without treatment (IR) versus IR C57BL/6 mice treated with dapagliflozin 
(IR+Dapa). Staining was performed with Periodic acid-Schiff. Original investigators pointed the following remarks: Yellow arrows 
identify necrotized tubules or cast formation. Yellow arrowheads identify loss of brush border or dilated tubules. Black arrows identify 
brush border (Taken from Chang Y-K, et al. 2016).(55) 
Histologic visualization of nephron tubules showed tubular atrophy and empagliflozin was unable 
to revert this effect.(85) Pinpointed fibrosis, as assessed by tubulointerstitial total collagen, also 
had no significant changes in the 2 distinct experiments performed in the same study.(84) 
Qualification of damage yielded a significant decrease in all of the 4 experiments that investigated 
tubulointerstitial injury score.(55,59,74,75) Interestingly, with iSGLT2 treatment, tubular injury 
score was reduced in 2 experiments but was increased in another experiment (Figure 
8).(55,64,75)  
 
Figure 9 - Immunohistochemistry of macrophage infiltration in OLEFT rats treated with control versus treated with dapagliflozin (Taken 
from Shin SJ, et al. 2016).(73) 
Finally, immune response features were also investigated through histology and imaging. 
Immunohistochemistry targeting cluster of differentiation 68 (CD68) with ED1 antibody revealed 
that there was a significant decrease in macrophage infiltration in 5 experiments (Figure 
9).(60,70,73,83)  Basophilic score and inflammatory cell infiltration score were reduced in 2 
experiments.(74,75) 
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3.2.2. Kidney function (Serum and urinary markers) 
Numerous serum and urine parameters are commonly evaluated as means to assess renal 
function. So, a substantial number of those markers were comprised in the studies included for 
this review.  
In the majority of those works, glomerular filtration indicators such as BUN, serum creatinine and 
GFR showed a significant decrease in their values due to iSGLT2 action. Proteinuria was also 
lowered in a minority of studies, remaining unaltered in the majority of experiments upon iSGLT2 
treatment. Albuminuria and the closely tied albumin-to-creatine ratio were predominantly lower 
in animals treated with an iSGLT2 drug, but one study conducted in db/db mice retrieved opposite 
results for both parameters. Finally, creatinine clearance and urine volume had the most 
controversial results, with at least two experimental models reporting one of the three possible 
effects: parameter lowered when iSGLT2 was given, parameter raised when iSGLT2 was given and 
parameter unaffected by iSGLT2 action (Table 6). 
Table 6 - Effects of iSGLT2 in serum and urinary markers of kidney function  
Parameter Effect iSGLT2 Dosage Experimental model Reference 
BUN (-) dapagliflozin 10 mg/kg/day IR-C57BL/6 mice (55) 
2 mg/kg/day STZ-Wistar rats (82) 
empagliflozin 10 mg/kg/day UUO Wistar rats (81) 
(=) empagliflozin 10 mg/kg/day High oxalate fed C57BL/6 mice (68) 
Serum creatinine (-) dapagliflozin 1 mg/kg/day HFD fed Wistar rats (63) 
1 mg/kg/day OLEFT rats (73) 
10 mg/kg/day IR-C57BL/6 mice (55) 
2 mg/kg/day STZ-Wistar rats (82) 
empagliflozin 10 mg/kg/day UUO Wistar rats (81) 
ipragliflozin 1,0-3,0 mg/kg/day UNX KK-Ay mice (74) 
ipragliflozin 3,0 mg/kg/day UNX STZ-ICR mice (75) 
(=) empagliflozin 10 mg/kg/day High oxalate fed C57BL/6 mice (68) 
STZ-Sprague Dawley rats (70) 
luseogliflozin 30 mg/kg/day IR-C57BL/6 mice (58) 
GFR (-) dapagliflozin 1 mg/kg/day SNX Sprague Dawley rats (80) 
empagliflozin 70 mg/kg/day Ins2+/Akita mice (78) 
luseogliflozin 10 mg/kg/day STZ-Dahl rats (66) 
T2DN rats (67) 
(=) dapagliflozin 1 mg/kg/day SNX Sprague Dawley rats (72) 
empagliflozin 10 mg/kg/day High oxalate fed C57BL/6 mice (68) 
ipragliflozin 4 mg/kg/day BTBR ob/ob mice (76) 
Creatinine clearance (-) dapagliflozin 1 mg/kg/day HFD fed Wistar rats (63) 
ipragliflozin 0,3-3,0 mg/kg/day STZ-BALB/c mice (65) 
(+) dapagliflozin 1 mg/kg/day OLEFT rats (73) 
2 mg/kg/day STZ-Wistar rats (82) 
ipragliflozin 1,0-3,0 mg/kg/day UNX KK-Ay mice (74) 
UNX STZ-ICR mice (75) 
luseogliflozin 30 mg/kg/day IR-C57BL/6 mice (58) 
(=) dapagliflozin 0,1-1,0 mg/kg/day db/db mice (60) 
1 mg/kg/day db/db mice (64) 
UNX db/db mice (77) 
empagliflozin 30 mg/kg/day BTBR ob/ob mice (61) 
BTBR ob/ob mice + hypertension (61) 
ipragliflozin 0,3-3,0 mg/kg/day db/db mice (65) 
tofogliflozin 5,0-15,0 mg/kg/day db/db mice (69) 
Urine volume (-) ipragliflozin 0,3-3,0 mg/kg/day db/db mice (65) 
luseogliflozin 10 mg/kg/day STZ-Dahl rats (66) 
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Parameter Effect iSGLT2 Dosage Experimental model Reference 
tofogliflozin 5,0-15,0 mg/kg/day db/db mice (69) 
(+) dapagliflozin 1 mg/kg/day HFD fed Wistar rats (63) 
ipragliflozin 3,0 mg/kg/day UNX KK-Ay mice (74) 
(=) dapagliflozin 0,1-1,0 mg/kg/day db/db mice (60) 
1 mg/kg/day db/db mice (64) 
SNX Sprague Dawley rats (72) 
UNX db/db mice (77) 
2 mg/kg/day STZ-Wistar rats (82) 
empagliflozin 10 mg/kg/day db/db mice (84) 
luseogliflozin 30 mg/kg/day IR-C57BL/6 mice (58) 
Proteinuria (-) ipragliflozin 1,0-3,0 mg/kg/day UNX KK-Ay mice (74) 
3,0 mg/kg/day UNX STZ-ICR mice (75) 
(=) dapagliflozin 1 mg/kg/day SNX Sprague Dawley rats (80) 
SNX Sprague Dawley rats (72) 
luseogliflozin 10 mg/kg/day STZ-Dahl rats (66) 
T2DN rats (67) 
Albuminuria (-) dapagliflozin 0,1-1,0 mg/kg/day db/db mice (60) 
1 mg/kg/day HFD fed Wistar rats (63) 
OLEFT rats (73) 
UNX db/db mice (77) 
2 mg/kg/day STZ-Wistar rats (82) 
empagliflozin 30 mg/kg/day BTBR ob/ob mice (61) 
BTBR ob/ob mice + hypertension (61) 
ipragliflozin 0,3-3,0 mg/kg/day STZ-BALB/c mice (65) 
1,0-3,0 mg/kg/day UNX KK-Ay mice (74) 
3,0 mg/kg/day db/db mice (65) 
UNX STZ-ICR mice (75) 
tofogliflozin 5,0-15,0 mg/kg/day KK-Ay/Ta mice (62) 
(+) dapagliflozin 1 mg/kg/day db/db mice (64) 
(=) empagliflozin 10 mg/kg/day db/db mice (84) 
STZ-Sprague Dawley rats (70) 
ipragliflozin 4 mg/kg/day BTBR ob/ob mice (76) 
Albumin/creatinine ratio (-) dapagliflozin 1 mg/kg/day OLEFT rats (73) 
5 mg/kg/day WD fed C57BL/6 mice (79) 
empagliflozin 70 mg/kg/day Ins2+/Akita mice (78) 
tofogliflozin 5,0-15,0 mg/kg/day db/db mice (69) 
(+) dapagliflozin 1 mg/kg/day db/db mice (64) 
(=) empagliflozin 10 mg/kg/day STZ-eNOS knockout C57BL/6 mice (85) 
Urine urea (=) dapagliflozin 1 mg/kg/day db/db mice (64) 
Filtered glucose load (-) empagliflozin 10 mg/kg/day db/db mice (84) 
Glucose clearance (+) tofogliflozin 5,0-15,0 mg/kg/day db/db mice (69) 
Urine glucose (-) dapagliflozin 0,1-1,0 mg/kg/day db/db mice (60) 
(+) dapagliflozin 1 mg/kg/day HFD fed Wistar rats (63) 
ipragliflozin 0,1-3,0 mg/kg/day UNX STZ-ICR mice (75) 
UNX KK-Ay mice (74) 
luseogliflozin 10 mg/kg/day STZ-Dahl rats (66) 
T2DN rats (67) 
(=) dapagliflozin 1 mg/kg/day db/db mice (64) 
empagliflozin 10 mg/kg/day High oxalate fed C57BL/6 mice (68) 
db/db mice (84) 
STZ-eNOS knockout C57BL/6 mice (85) 
STZ-Sprague Dawley rats (70) 
ipragliflozin 4 mg/kg/day BTBR ob/ob mice (76) 
tofogliflozin 5,0-15,0 mg/kg/day db/db mice (69) 
Urine sodium (+) dapagliflozin 1,5 mg/kg/day UNX Protein-overload proteinuria C57BL/6 mice  (83) 
Urine oxalate (=) empagliflozin 10 mg/kg/day High oxalate fed C57BL/6 mice (68) 
Urine podocalyxin (-) ipragliflozin 1,0-3,0 mg/kg/day UNX KK-Ay mice (74) 
3,0 mg/kg/day UNX STZ-ICR mice (75) 
Urine nephrin (-) ipragliflozin 1,0-3,0 mg/kg/day UNX KK-Ay mice (74) 
3,0 mg/kg/day UNX STZ-ICR mice (75) 
luseogliflozin 10 mg/kg/day T2DN rats (67) 
Urine calcium (=) empagliflozin 10 mg/kg/day High oxalate fed C57BL/6 mice (68) 
Urine osmolality (=) dapagliflozin 1 mg/kg/day db/db mice (64) 
Plasmatic Cystatin C (=) empagliflozin 10 mg/kg/day db/db mice (84) 
FABP (-) empagliflozin 10 mg/kg/day STZ-Sprague Dawley rats (70) 
The effect column sums up the information available in all included studies.  (-) indicates a statistically significant decrease in the parameter; (+) indicates a significant 
increase in the parameter; (=) indicates there was no significant differences in the parameter. FABP: Fatty acid-binding protein; HFD: High-fat diet; IR: Ischemia-
reperfusion; SNX: Subtotal nephrectomy; STZ: Streptozotocin; UUO: Unilateral ureteric obstruction; UNX: Unilateral nephrectomy; WD: Western diet; 
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As would be expected from substances that inhibit glucose and sodium re-uptake, filtered glucose 
load was lower and urine sodium was higher in animals treated with iSGLT2, however only one 
study had relevant data for each of these parameters. Urinary glucose concentration had mixed 
outcomes, with the bigger percentage of experiments reporting no changes, while 5 experiments 
reported increased levels and 1 study reported lower levels of glucose in the urine of treated 
animals (Table 6). 
Urinary podocalyxin and nephrin concentrations, biomarkers of glomerular injury, were decreased 
by iSGLT2 action in the trials in which they were evaluated. On the other hand, fatty acid-binding 
protein (FABP), a biomarker of tubular injury, was decreased by empagliflozin in the only trial 
where it was assessed (Table 6). 
3.2.3. Kidney function (Tecidular markers) 
Tissue biomarkers of kidney function, namely those indicative of AKI, glomerular injury, tubular 
injury and fibrotic processes, were amongst the selected indicators to evaluate potential 
mechanisms underlying iSGLT2 nephroprotection. 
Table 7 - Effect of iSGLT2 on tecidular markers of kidney function 
Parameter Effect iSGLT2 Dosage Experimental model Reference 
Renal Cystatin C (=) dapagliflozin 1 mg/kg/day Fructose fed STZ-Wistar rats (71) 
IGFBP7# (=) empagliflozin 10 mg/kg/day High oxalate fed C57BL/6 mice (68) 
NGAL* (-) dapagliflozin 1 mg/kg/day Fructose fed STZ-Wistar rats (71) 
NGAL# (-) dapagliflozin 1 mg/kg/day HFD fed Wistar rats (63) 
(=) ipragliflozin 0,3-3,0 mg/kg/day db/db mice (65) 
TIMP2* (-) empagliflozin 70 mg/kg/day Ins2+/Akita mice (78) 
TIMP2# (=) empagliflozin 10 mg/kg/day High oxalate fed C57BL/6 mice (68) 
Vanin 1* (-) dapagliflozin 1 mg/kg/day Fructose fed STZ-Wistar rats (71) 
Nephrin* (+) dapagliflozin 1 mg/kg/day Fructose fed STZ-Wistar rats (71) 
1,5 mg/kg/day UNX Protein-overload proteinuria C57BL/6 mice  (83) 
5 mg/kg/day WD fed C57BL/6 mice (79) 
Nestin* (+) dapagliflozin 1,5 mg/kg/day UNX Protein-overload proteinuria C57BL/6 mice  (83) 
Synaptopodin* (+) dapagliflozin 5 mg/kg/day WD fed C57BL/6 mice (79) 
(+) ipragliflozin 0,3-3,0 mg/kg/day db/db mice (65) 
KIM1* (-) dapagliflozin 1 mg/kg/day Fructose fed STZ-Wistar rats (71) 
ipragliflozin 1,0-3,0 mg/kg/day UNX KK-Ay mice (74) 
3,0 mg/kg/day UNX STZ-ICR mice (75) 
(=) empagliflozin 10 mg/kg/day High oxalate fed C57BL/6 mice (68) 
db/db mice (84) 
KIM1# (-) ipragliflozin 0,3-3,0 mg/kg/day db/db mice (65) 
(=) empagliflozin 10 mg/kg/day High oxalate fed C57BL/6 mice (68) 
NAG* (-) dapagliflozin 1 mg/kg/day Fructose fed STZ-Wistar rats (71) 
ipragliflozin 1,0-3,0 mg/kg/day UNX KK-Ay mice (74) 
3,0 mg/kg/day UNX STZ-ICR mice (75) 
tofogliflozin 5,0-15,0 mg/kg/day KK-Ay/Ta mice (62) 
Slc34a1# (+) ipragliflozin 3,0 mg/kg/day db/db mice (65) 
Klotho* (+) empagliflozin 10 mg/kg/day UUO Wistar rats (81) 
The effect column sums up the information available in all included studies. # indicates a parameter assessed by mRNA expression levels; * indicates a parameter 
assessed by protein expression levels; (-) indicates a statistically significant decrease in the parameter; (+) indicates a significant increase in the parameter; (=) 
indicates there was no significant differences in the parameter. HFD: High-fat diet; IGFBP7: Insulin-like growth factor-binding protein 7; KIM1: Kidney injury molecule-
1; NAG: N-acetil-β-D-glicosaminidase; NGAL: Neutrophil gelatinase-associated lipocalin; SNX: Subtotal nephrectomy; STZ: Streptozotocin; THBS1: Thrombospondin 1; 
TNC: Tenascin C; UNX: Unilateral nephrectomy; UUO: Unilateral ureteric obstruction; WD: Western diet;  
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In studies where NGAL, tissue inhibitor of metalloproteinases 2 (TIMP2) and vanin 1 protein 
expressions were assessed, treatment with iSGLT2 elicited a significant reduction of their values. 
Insulin-like growth factor-binding protein 7 (IGFBP7) was the only AKI indicator that did not have 
any report of relevant changes due to an iSGLT2 action (Table 7). 
As far as glomerular and tubular damage were concerned, evaluation of histopathological 
features was commonly preferred. Glomerular injury was evaluated through 3 different markers. 
Tissue levels of nephrin, nestin and synaptopodin were significantly raised when SGLT2 inhibition 
was applied. Tubular injury was directly evaluated through quantification of 3 different markers. 
The enzyme NAG was measured in 4 rodent models. In all experiments, treatment with iSGLT2 
substances reduced the concentration of this tubular injury marker. KIM1 protein levels were 
reduced in the majority of studies, whereas mRNA levels of Slc34a1 (gene responsible for coding 
sodium-dependent phosphate transporter 2A) were elevated in a single study (Table 7). 
3.3. Influence of iSGLT2 on cellular and molecular mechanisms underlying renal injury 
Documented effects of iSGLT2 action on the intertwined processes of inflammation, oxidative 
stress and cellular mechanisms recruited upon injury are detailed in the following sub-sections. 
3.3.1. Oxidative stress 
Products of oxidative stress 3-nitrotyrosine (3NT), 8OHdG and MDA were reduced in the presence 
of iSGLT2 treatment across all reports included in present study. With at least 3 experimental 
models evaluating each oxidative stress marker, it is noteworthy the uniformity of the observed 
outcomes, suggesting a strong correlation between iSGLT2 treatment and a reduction in ROS. 
Likewise, levels of hydrogen peroxide significantly dropped when dapagliflozin was administered 
to OLEFT rats (Table 8). 
It is likely that the described reduction in oxidative stress products may be linked to a similar 
reduction observed in enzymes responsible for oxidative stress processes. iSGLT2 drugs 
significantly reduced protein expression of superoxide generator enzymes NADPH oxidase 
isoforms 2 (Nox2) and 4 (Nox4) in all observed experiments. Furthermore, inducible nitric oxide 
synthase (iNOS) was significantly reduced following dapagliflozin treatment in an HFD fed Wistar 
rat experimental model, and endothelial nitric oxide synthase (eNOS) was augmented by 
empagliflozin in a db/db mice model, showcasing a reduction in oxidative stress insults in both 
experiments (Table 8). 
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In the field of antioxidant enzymes, dapagliflozin was able to significantly elevate the levels of the 
hydrogen peroxide decomposing enzyme catalase and of superoxide dismutase isoenzyme 2 
(SOD2) in one experimental model of OLEFT rats. Superoxide dismutase isoenzyme 1 (SOD1) was 
assessed in 5 different experimental models and had mixed results, with a significant elevation in 
the enzyme levels of 3 treated animal models along with a significant reduction in the enzyme 
expression of 1 treated animal model and 1 treated in vitro model (Table 8). 
Antioxidant enzyme glutathione peroxidase (GSH-Px) was also elevated following treatment with 
SGLT2 inhibitors in 2 different studies. However, glutathione (GSH) and glutathione disulfide 
(GSSG) had more modest results, with GSH being elevated in one treated model of fructose fed 
and STZ injured Wistar rats, but both GSH and GSSG had no changes in genetically obese BTBR 
ob/ob mice upon iSGLT2 treatment (Table 8). 
Finally, some studies calculated total antioxidant capacity (TAC), an indicator of an organism 
ability to react to oxidative injury, and total oxidant status (TOS), an indicator of the overall 
oxidative status of an organism. In both markers, iSGLT2 treatment was linked with a protective 
role upon oxidative stress (Table 8). 
A robust influence of iSGLT2 substances on AGEs formation was observed. Particularly, iSGLT2 
were able to significantly reduce AGEs modified protein levels, the levels of receptors for AGEs 
(RAGE) and of RAGE ligand high mobility group box 1 (HMGB1). Also, in the presence of 
dapagliflozin, the levels of soluble form of RAGE (sRAGE) were increased relative to groups 
without treatment. 
3.3.2. Inflammation 
Due to the relevance of inflammation and oxidative-stress processes on renal disease progression, 
a large array of related biomarkers was studied in the reports included in this review. 
Regarding cytokines, the pro-inflammatory interleukin 1 (IL1) and interleukin 6 (IL6) were reduced 
in all experiments when treatment with iSGLT2 was applied (Table 8).  
Chemokine ligand 2 (CCL2) protein concentration was also significantly reduced in the presence of 
an iSGLT2, in a total of 6 experimental models. Another chemokine, the chemokine ligand 5 
(CCL5) was quantified in a BTBR ob/ob mice experimental model but remained unchanged in the 
presence of empagliflozin (Table 8).  
Furthermore, and although responsible for a multitude of biological processes, TGFβ was 
primarily investigated due to its role in immune regulation and inflammatory processes. 
MESTRADO EM FARMÁCIA | ESPECIALIZAÇÃO EM FARMACOTERAPIA APLICADA 
ASSESSMENT OF BENEFITS AND RISKS OF SODIUM-GLUCOSE CO-TRANSPORTER 2 INHIBITORS IN METABOLIC COMPLICATIONS 
24 
 
Interestingly, TGFβ protein expression was reduced upon iSGLT2 treatment in 4 in vivo models 
and remained unchanged in 1. Another inflammatory cytokine, tumor necrosis factor alfa (TNFα), 
exhibited a reduction in their levels in 4 in vivo studies when animals were treated with an iSGLT2. 
Finally, osteopontin, a protein with immunologic cytokine properties, was the only cytokine with 
no protein quantification, but revealed a significant depletion in mRNA levels when dapagliflozin 
was present in 3 experimental models. Overall, iSGLT2 were largely associated with a reduction of 
inflammatory cytokines levels (Table 8). 
Table 8 - Effect of iSGLT2 on inflammation, oxidative stress and AGEs 
Parameter Effect iSGLT2 Dosage Experimental model Reference 
IL1* (-) ipragliflozin 1,0-3,0 mg/kg/day UNX KK-Ay mice (74) 
3,0 mg/kg/day UNX STZ-ICR mice (75) 
dapagliflozin 1 mg/kg/day HFD fed Wistar rats (63) 
IL6* (-) ipragliflozin 1,0-3,0 mg/kg/day UNX KK-Ay mice (74) 
3,0 mg/kg/day UNX STZ-ICR mice (75) 
empagliflozin 100-500 nM HK2 cells +HG (54) 
IL6# (=) empagliflozin 30 mg/kg/day BTBR ob/ob mice (61) 
CCL2* (-) dapagliflozin 1 mg/kg/day Fructose fed STZ-Wistar rats (71) 
10-100 µM HK2 cells +HG (56) 
ipragliflozin 1,0-3,0 mg/kg/day UNX KK-Ay mice (74) 
3,0 mg/kg/day UNX STZ-ICR mice (75) 
(-) dapagliflozin 1 mg/kg/day UNX db/db mice (77) 
empagliflozin 70 mg/kg/day Ins2+/Akita mice (78) 
CCL2# (-) dapagliflozin 1,0 mg/kg/day db/db mice (60) 
20,0 µM mProx24 cells + HG (60) 
empagliflozin 10 mg/kg/day STZ-Sprague Dawley rats (70) 
(-) dapagliflozin 5 mg/kg/day WD fed C57BL/6 mice (79) 
(=) empagliflozin 10 mg/kg/day STZ-eNOS knockout C57BL/6 mice (85) 
30 mg/kg/day BTBR ob/ob mice (61) 
ipragliflozin 4 mg/kg/day BTBR ob/ob mice (76) 
CCL5# (=) empagliflozin 30 mg/kg/day BTBR ob/ob mice (61) 
TGFβ* (-) dapagliflozin 1 mg/kg/day Fructose fed STZ-Wistar rats (71) 
2 mg/kg/day STZ-Wistar rats (82) 
1 mg/kg/day HFD fed Wistar rats (63) 
empagliflozin 10 mg/kg/day UUO Wistar rats (81) 
(=) empagliflozin 10 mg/kg/day High oxalate fed C57BL/6 mice (68) 
TGFβ# (-) dapagliflozin 1 mg/kg/day UNX db/db mice (77) 
db/db mice (60) 
empagliflozin 10 mg/kg/day db/db mice (84) 
STZ-Sprague Dawley rats (70) 
luseogliflozin 30 mg/kg/day IR-C57BL/6 mice (58) 
(=) empagliflozin 10 mg/kg/day STZ-eNOS knockout C57BL/6 mice (85) 
TNFα-R1* (-) dapagliflozin 1 mg/kg/day HFD fed Wistar rats (63) 
TNFα* (-) dapagliflozin  1 mg/kg/day Fructose fed STZ-Wistar rats (71) 
HFD fed Wistar rats (63) 
ipragliflozin 1,0-3,0 mg/kg/day UNX KK-Ay mice (74) 
3,0 mg/kg/day UNX STZ-ICR mice (75) 
TNFα# (=) empagliflozin 10 mg/kg/day High oxalate fed C57BL/6 mice (68) 
osteopontin# (-) dapagliflozin 1,0 mg/kg/day db/db mice (60) 
20,0 µM mProx24 cells + HG (60) 
5 mg/kg/day WD fed C57BL/6 mice (79) 
ICAM1* (-) dapagliflozin 10-100 µM HK2 cells +HG (56) 
ICAM1# (-) dapagliflozin 0,1-1,0 mg/kg/day db/db mice (60) 
empagliflozin 10 mg/kg/day STZ-Sprague Dawley rats (70) 
(-) dapagliflozin 5 mg/kg/day WD fed C57BL/6 mice (79) 
C-Reactive protein* (-) ipragliflozin 1,0-3,0 mg/kg/day UNX KK-Ay mice (74) 
3,0 mg/kg/day UNX STZ-ICR mice (75) 
CD11c* (-) dapagliflozin 1,0 mg/kg/day db/db mice (60) 
CD14* (-) dapagliflozin 0,1-1,0 mg/kg/day db/db mice (60) 
(-) empagliflozin 70 mg/kg/day Ins2+/Akita mice (78) 
CD14# (=) empagliflozin 10 mg/kg/day db/db mice (84) 
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Parameter Effect iSGLT2 Dosage Experimental model Reference 
CD206* (=) dapagliflozin 0,1-1,0 mg/kg/day db/db mice (60) 
CD68* (-) dapagliflozin 5 mg/kg/day WD fed C57BL/6 mice (79) 
TLR2* (=) empagliflozin 10 mg/kg/day STZ-eNOS knockout C57BL/6 mice (85) 
TLR2# (-) dapagliflozin 5 mg/kg/day WD fed C57BL/6 mice (79) 
TLR4* (-) empagliflozin 10 mg/kg/day UUO Wistar rats (81) 
(-) empagliflozin 100-500 nM HK2 cells +HG (54) 
NLRP3# (=) empagliflozin 10 mg/kg/day High oxalate fed C57BL/6 mice (68) 
COX2* (-) dapagliflozin 1 mg/kg/day HFD fed Wistar rats (63) 
3NT (-) empagliflozin 10 mg/kg/day db/db mice (59) 
ipragliflozin 0,3-3,0 mg/kg/day db/db mice (65) 
STZ-BALB/c mice (65) 
8OHdG (-) dapagliflozin 1 mg/kg/day OLEFT rats (73) 
empagliflozin 10 mg/kg/day STZ-Sprague Dawley rats (70) 
ipragliflozin 10 mg/kg/day HFD fed C57BL/6 mice (57) 
3,0 mg/kg/day db/db mice (65) 
STZ-BALB/c mice (65) 
MDA (-) dapagliflozin 1 mg/kg/day Fructose fed STZ-Wistar rats (71) 
HFD fed Wistar rats (63) 
OLEFT rats (73) 
UNX db/db mice (77) 
10-100 µM HK2 cells +HG (56) 
2 mg/kg/day STZ-Wistar rats (82) 
ipragliflozin 4 mg/kg/day BTBR ob/ob mice (76) 
Hydrogen peroxide (-) dapagliflozin 1 mg/kg/day OLEFT rats (73) 
Nox2* (-) dapagliflozin 1 mg/kg/day UNX db/db mice (77) 
db/db mice (60) 
5 mg/kg/day WD fed C57BL/6 mice (79) 
Nox2# (-) dapagliflozin 20,0 µM mProx24 cells + HG (60) 
5 mg/kg/day WD fed C57BL/6 mice (79) 
Nox4* (-) dapagliflozin 1 mg/kg/day UNX db/db mice (77) 
ipragliflozin 0,3-3,0 mg/kg/day db/db mice (65) 
iNOS* (-) dapagliflozin 1 mg/kg/day HFD fed Wistar rats (63) 
eNOS* (+) empagliflozin 10 mg/kg/day db/db mice (59) 
Catalase* (+) dapagliflozin 1 mg/kg/day OLEFT rats (73) 
SOD1* (-) dapagliflozin 1 mg/kg/day HFD fed Wistar rats (63) 
10-100 µM HK2 cells +HG (56) 
(+) dapagliflozin 1 mg/kg/day OLEFT rats (73) 
Fructose fed STZ-Wistar rats (71) 
2 mg/kg/day STZ-Wistar rats (82) 
SOD2* (+) dapagliflozin 1 mg/kg/day OLEFT rats (73) 
Heme oxygenase 1* (=) empagliflozin 70 mg/kg/day Ins2+/Akita mice (78) 
GSH* (+) dapagliflozin 1 mg/kg/day Fructose fed STZ-Wistar rats (71) 
(=) ipragliflozin 4 mg/kg/day BTBR ob/ob mice (76) 
GSH-Px* (+) dapagliflozin 1 mg/kg/day HFD fed Wistar rats (63) 
2 mg/kg/day STZ-Wistar rats (82) 
GSSG* (=) ipragliflozin 4 mg/kg/day BTBR ob/ob mice (76) 
TAC (+) dapagliflozin 2 mg/kg/day STZ-Wistar rats (82) 
TOS (-) dapagliflozin 0,1-1,0 mg/kg/day db/db mice (60) 
0,2-20,0 µM mProx24 cells + HG (60) 
2 mg/kg/day STZ-Wistar rats (82) 






db/db mice (59) 
STZ-Sprague Dawley rats (70) 
HMGB1* (-) dapagliflozin 10-100 µM HK2 cells +HG (56) 
RAGE* (-) dapagliflozin 10-100 µM HK2 cells +HG (56) 
empagliflozin 10 mg/kg/day STZ-Sprague Dawley rats (70) 
RAGE# (-) empagliflozin 10 mg/kg/day STZ-Sprague Dawley rats (70) 
sRAGE* (+) dapagliflozin 2 mg/kg/day STZ-Wistar rats (82) 
The effect column sums up the information available in all included studies. # indicates a parameter assessed by mRNA expression levels; * indicates a parameter assessed by protein 
expression levels; (-) indicates a statistically significant decrease in the parameter; (+) indicates a significant increase in the parameter; (=) indicates there was no significant 
differences in the parameter; AGE: Advanced glycation end products; CCL2: Chemokine ligand 2; CCL5: Chemokine ligand 5; CD11c: Cluster of differentiation 11c; CD14: Cluster of 
differentiation 14; CD206: Cluster of differentiation 206; CD68: Cluster of differentiation 68; COX2: Cyclooxygenase 2; eNOS: Endothelial nitric oxide synthase; GSH: Glutathione; 
GSH-Px: Glutathione peroxidase; GSSG: Glutathione disulfide; HFD: High-fat diet; HK2: Human kidney 2 proximal tubule; HMGB1: High mobility group box 1; ICAM1: Intercellular 
adhesion molecule 1; IL1: Interleukin 1; IL6: Interleukin 6; iNOS: Inducible nitric oxide synthase; MDA: Malondialdehyde; Nox2: NADPH oxidase isoform 2; Nox4: NADPH oxidase 
isoform 4; RAGE: Receptors for advanced glycation end products; SNX: Subtotal nephrectomy; SOD1: Superoxide dismutase isoenzyme 1; SOD2: Superoxide dismutase isoenzyme 2; 
sRAGE: Soluble receptor for advanced glycation end products; STZ: Streptozotocin; TAC: Total antioxidant capacity; TGFβ: Transforming growth factor beta; TLR2: Toll-like receptor 
2; TLR4: Toll-like receptor 4; TNFα: Tumor necrosis factor alfa; TOS: Total oxidant status; UUO: Unilateral ureteric obstruction; UNX: Unilateral nephrectomy; WD: Western diet; 3NT; 
3-Nitrotyrosine; 8OHdG: 8-hydroxydeoxyguanosine; 
Beside cytokines, inflammatory processes were also evaluated through surface proteins, enzymes 
and related proteins. Dapagliflozin significantly lowered intercellular adhesion molecule 1 (ICAM1) 
MESTRADO EM FARMÁCIA | ESPECIALIZAÇÃO EM FARMACOTERAPIA APLICADA 
ASSESSMENT OF BENEFITS AND RISKS OF SODIUM-GLUCOSE CO-TRANSPORTER 2 INHIBITORS IN METABOLIC COMPLICATIONS 
26 
 
protein levels as well as cluster of differentiation 14 (CD14), a co-receptor mainly expressed in 
macrophages. Another three members of the cluster of differentiation family, cluster of 
differentiation 11c (CD11c), CD68 and cluster of differentiation 206 (CD206), all markers of 
macrophages, were decreased in the presence of an iSGLT2 (Table 8). 
Toll-like receptors 2 (TLR2) and 4 (TLR4) belonging to the innate immune system were also 
assessed. Only TLR4 experienced significant changes, being lower in two experimental models 
treated with iSGLT2. Similarly, a reduction of the expression of the enzyme cyclooxygenase 2 
(COX2) was observed in one study of high-fat diet (HFD) fed Wistar rats treated with dapagliflozin. 
Also, the inflammatory C-reactive protein was lowered in the presence of ipragliflozin in two 
reports (Table 8). 
3.3.3. Fibrosis  
Fibrotic markers were thoroughly evaluated with a large array of parameters (21 in total) 
assessed. Hereon, we highlight those that were repeatedly assessed and/or those displaying 
steady results among multiple experimental models. It should be noted that no evidence of 
fibrotic marker worsening was noted in the presence of any iSGLT2. 
Table 9 - Effect of iSGLT2 on fibrotic markers 
Parameter Effect iSGLT2 Dosage Experimental model Reference 
Total collagen* (-) dapagliflozin 1 mg/kg/day Fructose fed STZ-Wistar rats (71) 
(=) empagliflozin 10 mg/kg/day STZ-eNOS knockout C57BL/6 mice (85) 
Collagen I* (-) dapagliflozin 10-100 µM HK2 cells +HG (56) 
empagliflozin 10 mg/kg/day db/db mice (59) 
(=) dapagliflozin 1 mg/kg/day SNX Sprague Dawley rats (80) 
empagliflozin 10 mg/kg/day High oxalate fed C57BL/6 mice (68) 
High oxalate fed C57BL/6 mice (68) 
Collagen I# (=) ipragliflozin 4 mg/kg/day BTBR ob/ob mice (76) 
Collagen III* (-) empagliflozin 10 mg/kg/day db/db mice (59) 
Collagen IV* (-) dapagliflozin 0,1-1,0 mg/kg/day db/db mice (60) 
1 mg/kg/day HFD fed Wistar rats (63) 
OLEFT rats (73) 
UNX db/db mice (77) 
5 mg/kg/day WD fed C57BL/6 mice (79) 
empagliflozin 100-500 nM HK2 cells +HG (54) 
(=) dapagliflozin 1 mg/kg/day SNX Sprague Dawley rats (72) 
ipragliflozin 4 mg/kg/day BTBR ob/ob mice (76) 
Collagen IV# (-) dapagliflozin 1 mg/kg/day UNX db/db mice (77) 
(=) dapagliflozin 1 mg/kg/day SNX Sprague Dawley rats (80) 
empagliflozin 10 mg/kg/day db/db mice (84) 
Ctgf* (-) empagliflozin 10 mg/kg/day UUO Wistar rats (81) 
Ctgf# (-) empagliflozin 10 mg/kg/day STZ-Sprague Dawley rats (70) 
(=) empagliflozin 10 mg/kg/day db/db mice (84) 
F-actin* (-) dapagliflozin 1,5 mg/kg/day UNX Protein-overload proteinuria C57BL/6 mice  (83) 
Fibronectin* (-) dapagliflozin 1 mg/kg/day UNX db/db mice (77) 
10-100 µM HK2 cells +HG (56) 
5 mg/kg/day WD fed C57BL/6 mice (79) 
empagliflozin 10 mg/kg/day db/db mice (59) 
UUO Wistar rats (81) 
(=) empagliflozin 10 mg/kg/day High oxalate fed C57BL/6 mice (68) 
STZ-eNOS knockout C57BL/6 mice (85) 
Fibronectin# (-) dapagliflozin 1 mg/kg/day UNX db/db mice (77) 
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Parameter Effect iSGLT2 Dosage Experimental model Reference 
empagliflozin 10 mg/kg/day db/db mice (84) 
(=) empagliflozin 10 mg/kg/day STZ-eNOS knockout C57BL/6 mice (85) 
FSP1* (=) empagliflozin 10 mg/kg/day High oxalate fed C57BL/6 mice (68) 
Hydroxyproline* (-) dapagliflozin 1 mg/kg/day OLEFT rats (73) 
PAI1# (-) dapagliflozin 1 mg/kg/day UNX db/db mice (77) 
empagliflozin 10 mg/kg/day STZ-Sprague Dawley rats (70) 
RECK* (+) empagliflozin 10 mg/kg/day db/db mice (59) 
500 nM HK2 cells +HG (59) 
Phospho-Smad2 (=) dapagliflozin 1 mg/kg/day SNX Sprague Dawley rats (80) 
PDGFB* (-) canagliflozin 500 nM HK2 cells + TGFβ (53) 
empagliflozin 500 nM HK2 cells + TGFβ (53) 
PDGFB# (=) canagliflozin 500 nM HK2 cells + TGFβ (53) 
RPTEC cells + TGFβ (53) 
empagliflozin 500 nM HK2 cells + TGFβ (53) 
RPTEC cells + TGFβ (53) 
THBS1* (-) canagliflozin 500 nM HK2 cells + TGFβ (53) 
empagliflozin 500 nM HK2 cells + TGFβ (53) 
THBS1# (-) canagliflozin 500 nM HK2 cells + TGFβ (53) 
RPTEC cells + TGFβ (53) 
empagliflozin 500 nM HK2 cells + TGFβ (53) 
RPTEC cells + TGFβ (53) 
TNC* (-) canagliflozin 500 nM HK2 cells + TGFβ (53) 
empagliflozin 500 nM HK2 cells + TGFβ (53) 
TNC# (-) canagliflozin 500 nM HK2 cells + TGFβ (53) 
RPTEC cells + TGFβ (53) 
empagliflozin 500 nM HK2 cells + TGFβ (53) 
RPTEC cells + TGFβ (53) 
Wnt1* (-) empagliflozin 10 mg/kg/day UUO Wistar rats (81) 
α-Actinin-4 (+) dapagliflozin 1,5 mg/kg/day UNX Protein-overload proteinuria C57BL/6 mice  (83) 
αSMA* (-) dapagliflozin 1 mg/kg/day Fructose fed STZ-Wistar rats (71) 
empagliflozin 10 mg/kg/day UUO Wistar rats (81) 
(=) empagliflozin 10 mg/kg/day High oxalate fed C57BL/6 mice (68) 
αSMA# (=) ipragliflozin 4 mg/kg/day BTBR ob/ob mice (76) 
β1-Integrin* (+) dapagliflozin 1,5 mg/kg/day UNX Protein-overload proteinuria C57BL/6 mice  (83) 
The effect column sums up the information available in all included studies. # indicates a parameter assessed by mRNA expression levels; * indicates a parameter 
assessed by protein expression levels; (-) indicates a statistically significant decrease in the parameter; (+) indicates a significant increase in the parameter; (=) 
indicates there was no significant differences in the parameter. Ctgf: Connective tissue growth factor; FSP1: Fibroblast marker; HFD: High-fat diet; HK2: Human kidney 
2 proximal tubule; IGFBP7: Insulin-like growth factor-binding protein 7; PAI1: Plasminogen activator inhibitor-1; PDGFB: Platelet-derived growth factor subunit-B; 
RECK: Reversion-inducing-cysteine-rich protein; RPTEC: Renal proximal tubule epithelial cells; SNX: Subtotal nephrectomy; STZ: Streptozotocin; THBS1: Thrombospondin 
1; TNC: Tenascin C; UNX: Unilateral nephrectomy; UUO: Unilateral ureteric obstruction; WD: Western diet; αSMA: alfa-smooth muscle actin 
Starting with collagen IV, the most investigated isoform of collagen, 75% of studies reported a 
down-regulation of collagen IV protein levels. Collagen I and total collagen also had reported 
evidence of down-regulation with iSGLT2 treatment, but no more than 50% of studies focused 
this outcome. Collagen III was only reported in 1 study, in which empagliflozin significantly 
reduced their expression. Furthermore, fibronectin expression was also widely reduced in the 
studies included in this review, as 5 out 7 experiments reported a significant reduction in their 
protein levels. Also noteworthy, one study evaluated the impact of canagliflozin and empagliflozin 
in vitro on the expression of 3 proteins of interest in tubulointerstitial fibrotic process: platelet-
derived growth factor subunit B (PDGFB), thrombospondin 1 (THBS1) and tenascin C (TNC). All 
protein levels were down-regulated by both iSGLT2 in 2 distinct tubular cell lines. Lastly, αSMA 
was lower in treated rats in 2 experiments but failed to achieve the same outcome in an 
experimental model replicated in mice (Table 9). 
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3.3.4. Cellular response to stress  
Three relevant mechanisms of cellular response to stress are apoptosis, autophagy and cellular 
senescence. Herein, we express the relevant data concerning these mechanisms collected from 
the studies included in the present review. 
Quantification of apoptotic cells was done through TUNEL assay in 3 experiments, in all of which 
dapagliflozin had a significant impact in lowering the numbers of apoptotic cells in disease model 
animals (Table 10).  
Mitochondrial morphology, an indicator of cellular apoptotic response, was evaluated in an 
experimental model of HFD fed C57BL/6 mice. In this experiment, ipragliflozin successfully led to 
an amelioration in mitochondrial morphology by reducing the number of fragmented and 
rounded mitochondria, indicating a reduction in the activation of apoptotic pathways. The same 
study evaluated both in vivo and in vitro the effects of ipragliflozin in mitochondrial fusion 
proteins, Mfn2 and dynamin family GTPase Opa1. Both molecules were upregulated in the 
presence of iSGLT2 drugs. In the same context, the mitochondrial anti-apoptotic protein B-cell 
lymphoma 2 (Bcl-2) and the pro-apoptotic protein Bcl-2-associated X (Bax) were investigated. 
Interestingly, both proteins and their calculated ratio seemed to benefit from iSGLT2 treatment, 
indicating a reduction in apoptosis activation. Additional apoptotic mediators were considered, 
and in an experimental model of HFD fed Wistar rats, binding immunoglobulin protein (BIP), 
cytochrome C, calpain-2 and CCAAT/enhancer-binding protein homologous protein (CHOP) levels 
were assessed. SGLT2 inhibitor dapagliflozin caused a statistically significant reduction in these 
mediators, suggesting a link with the decline in apoptotic cascades activation. Further reinforcing 
this assumption, various members of the caspase superfamily, namely Caspase-12, Cleaved 
caspase-3 and Caspase-7, displayed decreased protein levels when iSGLT2 treatment was 
administered (Table 10). 
Table 8 - Effect of iSGLT2 on apoptosis, autophagy and cellular senescence 
Parameter Effect iSGLT2 Dosage Experimental model Reference 
Apoptotic cells (-) dapagliflozin 1,0 mg/kg/day db/db mice (60) 
HFD fed Wistar rats (63) 
10 mg/kg/day IR-C57BL/6 mice (55) 
Mitochondrial morphology (+) ipragliflozin 10 mg/kg/day HFD fed C57BL/6 mice (57) 
Mfn2 (+) ipragliflozin 10 mg/kg/day HFD fed C57BL/6 mice (57) 
10 nmol/L HK2 cells + Palmitate (57) 
Opa1 (+) ipragliflozin 10 mg/kg/day HFD fed C57BL/6 mice (57) 
10 nmol/L HK2 cells + Palmitate (57) 
Drp1 (=) ipragliflozin 10 mg/kg/day HFD fed C57BL/6 mice (57) 
Bax* (-) dapagliflozin 1 mg/kg/day HFD fed Wistar rats (63) 
1-10 µM HK2 cells + Hypoxia (55) 
10 mg/kg/day IR-C57BL/6 mice (55) 
Bax# (-) dapagliflozin 1,0 mg/kg/day db/db mice (60) 
Bcl2* (+) dapagliflozin 1 mg/kg/day HFD fed Wistar rats (63) 
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Parameter Effect iSGLT2 Dosage Experimental model Reference 
10 mg/kg/day IR-C57BL/6 mice (55) 
Bax/Bcl2 ratio (-) dapagliflozin 1-10 µM HK2 cells + Hypoxia (55) 
10 mg/kg/day IR-C57BL/6 mice (55) 
Cytochrome C (-) dapagliflozin 1 mg/kg/day HFD fed Wistar rats (63) 
CHOP (-) dapagliflozin 1 mg/kg/day HFD fed Wistar rats (63) 
Calpain 2 (-) dapagliflozin 1 mg/kg/day HFD fed Wistar rats (63) 
Caspase-12* (-) dapagliflozin 1 mg/kg/day HFD fed Wistar rats (63) 
Caspase-12# (-) dapagliflozin 1,0 mg/kg/day db/db mice (60) 
Cleaved caspase-3* (-) dapagliflozin 1 mg/kg/day HFD fed Wistar rats (63) 
Caspase-7* (-) dapagliflozin 1 mg/kg/day Fructose fed STZ-Wistar rats (71) 
HIF1 (+) dapagliflozin 10 mg/kg/day IR-C57BL/6 mice (55) 
5-10 µM HK2 cells + Hypoxia (55) 
pAMPK (=) dapagliflozin 1-10 µM HK2 cells + Hypoxia (55) 
pERK (=) dapagliflozin 1-10 µM HK2 cells + Hypoxia (55) 
PARP (-) dapagliflozin 1-10 µM HK2 cells + Hypoxia (55) 
10 mg/kg/day IR-C57BL/6 mice (55) 
BIP (-) dapagliflozin 1 mg/kg/day HFD fed Wistar rats (63) 
Sirtuin1 (=) ipragliflozin 4 mg/kg/day BTBR ob/ob mice (76) 
p21 (=) empagliflozin 70 mg/kg/day Ins2+/Akita mice (78) 
p27 (-) empagliflozin 70 mg/kg/day Ins2+/Akita mice (78) 
The effect column sums up the information available in all included studies. # indicates a parameter assessed by mRNA expression levels; * indicates a 
parameter assessed by protein expression levels; (-) indicates a statistically significant decrease in the parameter; (+) indicates a significant increase in the 
parameter; (=) indicates there was no significant differences in the parameter; Bax: Bcl-2-associated X; Bcl-2: B-cell lymphoma 2; BIP: Binding 
immunoglobulin protein; CHOP: CCAAT/enhancer-binding protein homologous proteinDrp1: Dynamin related protein 1; HFD: High-fat diet; HIF1: Hypoxia-
inducible factor 1; HK2: Human kidney 2 proximal tubule; IR: Ischemia-reperfusion; Mfn2: Mitofusin 2; Opa1: Optic atrophy 1; PARP: poly-ADP-ribose 
polymerase 
 
Hypoxia is one amongst a multitude of insults that may induce apoptotic pathways. Thus, one 
study investigated the in vivo and in vitro influence of dapagliflozin on the expression of the 
hypoxia-inducible factor 1 (HIF1), a protein responsible for regulating cellular adaptive 
mechanisms in hypoxic conditions. In both experiments, dapagliflozin significantly contributed to 
the elevation of HIF1 levels, indicating a protective ability towards hypoxia-induced apoptosis 
(Table 10). 
Autophagy regulation by iSGLT2 was minimally evaluated, with the corresponding results from the 
only study that directly tackled this mechanism showing that the autophagy regulator sirtuin1 was 
not changed in the presence of an iSGLT2 (Table 10). 
Two members of the cyclin-dependent kinases family, p21 and p27, were evaluated in one study 
with the intent of evaluating the impact of iSGLT2 on cellular senescence. Only the latter molecule 






MESTRADO EM FARMÁCIA | ESPECIALIZAÇÃO EM FARMACOTERAPIA APLICADA 




Cardiovascular safety trials CANVAS(86), EMPA-REG(87) and DECLARE-TIMI 58(88) have shown 
beneficial effects on kidney protection, however,  since the initial goal was to enroll diabetic 
patients at high cardiovascular risk, these studies may have included relatively few patients with 
renal diseases. CREDENCE(89) trial targeted this specific cohort, evidencing that diabetic patients 
taking SGLT2 inhibitor had reduced progression to end-stage renal disease, increased glomerular 
functions, and reduced death from renal causes. Clinical impact of iSGLT2 treatment in both 
diabetic and non-diabetic CKD is currently being evaluated in the DAPA-CKD trial (ClinicalTrials.gov 
Identifier: NCT03036150). In the present study, we proposed to dive into pre-clinical data and 
collect valid experimental evidence to better understand the range of mechanisms underlying 
iSGLT2 renoprotection. A resume of the main findings of present thesis is now presented, as 
follows: 
4.1.1. Body and fat weight 
Alongside the large majority of studies reporting no relevant differences in body weight, there 
were some conflicting results among experiments. Within clinical context, iSGLT2 treatment has 
been associated with body weight reduction.(90) Nevertheless, conflicting observations are 
pinpointed in the studies enrolled in this review with some experimental evidence showing a lack 
of effect in body weight reduction in diabetic rodent models. Since former works all display 
renoprotective effects upon iSGLT2 treatments, it is reasonable to suspect that iSGLT2-derived 
renoprotection may occur irrespectively of body weight reduction. 
4.1.2. Metabolic profile 
As expected regarding their mechanism of action and clinical evidence, metabolic profile was 
largely ameliorated in rodent diabetic models treated with SGLT2 inhibitors.(14,91) iSGLT2 ability 
to reduce plasma glucose was observed in almost every studies, with such evidence reported on 
both diabetic nephropathy and CKD models. Plasma glucose reduction has only failed in 
experiments with short duration (model of AKI).(68) Accordingly, HbA1c was reduced in every 
study, a logical consequence of plasmatic glucose reduction that paralleled in those experiments. 
With glycemia reduction, it is expected a plummeting of plasmatic insulin, which was observed in 
almost every experiment.  
Insulin resistance, plasmatic levels of leptin and FGF21 (indicators of insulin resistance), plasmatic 
cholesterol and plasmatic triglycerides, risk factors of T2DM, were lowered in animals treated 
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with SGLT2 inhibitors. This was registered in models of diabetic nephropathy which is in line with 
the current clinical evidence.(92) Increased glucose/insulin tolerance were widely reported in 
animals treated with iSGLT2 drugs, which is in strict accordance with human evidence 
available.(93)  
Interestingly, an exception among the collected results was observed in an experimental model of 
db/db mice treated with dapagliflozin for 12 weeks. This work reported that glucose/insulin 
tolerance did not changed upon iSGLT2 treatment, together with a worsened pyruvate tolerance. 
Alongside, plasmatic glucose was lowered and activation of gluconeogenesis was amplified, as 
supported by expression of gluconeogenic enzymes G6P and Pck1. This evidence points toward an 
imbalance in cellular glucose uptake that ultimately contributed to an exacerbation of diabetic 
nephropathy in animals treated with an iSGLT2.(64) This may be indicative of a shift towards fatty 
acid metabolism, a state where high glucagon/insulin ratio develops, prompting gluconeogenesis, 
lipolysis and ketogenesis.(94) While this feedback may have positive consequences, a severe 
switch to lipidic metabolism may induce metabolic acidosis.(94) Metabolic acidosis may be a 
contributor to progression of kidney disease, and previous reports have shown that metabolic 
acidosis could be a consequence of iSGLT2 treatment.(94–97) Further reports of gluconeogenic 
enzyme Pck1 had distinct outcomes, showing either downregulation or absence of significant 
effect. This diversity of results indicates that SGLT2 blockade may have different outcomes in 
distinct contexts. Indeed, gluconeogenic pathway activation is a multifactorial process with close 
correlation to effective cellular glucose uptake.(98,99) This could be particularly important in 
tubular cells, where SGLT2 inhibition in combination with other factors (e.g. peritubular capillaries 
glucose concentration) may hinder glucose availability. 
In the context of glucose uptake, iSGLT2 action lowered cytosolic glucose content in an in vitro 
model of HK2 cells and a CKD model, but failed to do so in diabetic nephropathy models. The lack 
of effect in diabetic models may be justified by the prevalence of insulin resistance in the 
untreated groups, that was otherwise reduced in the treated groups. Nevertheless, normalization 
of glucose metabolism evidenced by reduction in tricarboxylic acid metabolites and glucose 
metabolites, was reported even in the absence of reduction in cytosolic glucose content. Further 
exploration is needed to better understand iSGLT2 substances impact in gluconeogenic activation 
and renal glucose consumption under diverse circumstances. Such evidence might help to 
mitigate the risks associated with metabolic imbalances caused by iSGLT2 usage.(94,96,97) 
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4.1.3. Glucose transporters and related signaling pathways 
Protein expression of glucose transporters SGLT1, SGLT2, glucose transporter 1 (GLUT1) and 
glucose transporter 2 (GLUT2) in renal tissue was not changed in any rodent model upon iSGLT2 
action. However, it should be noted that the relation between diabetes and SGLT2 upregulation 
has been previously established in both T2DM humans and T2DM mice, due to exposition to high 
basolateral glucose levels in proximal tubule cells.(100) The lack of T2DM experimental models 
reporting SGLT2 protein expression levels in our review limits the validation of this evidence.  
4.1.4. Cardiorenal and hemodynamic features 
Heart rate mean blood pressure and diastolic blood pressure did not benefit from iSGLT2 
treatment in the studies included in our review. Considering heart rate, results are in line with 
previous clinical trials, where iSGLT2 treatment was associated with cardiovascular and renal 
protection despite a lack of impact in heart rate changes.(101) Diastolic blood pressure did not 
match the results from clinical trials. However, this reduction (-1,6 mmHg) was more modest 
when compared to that of systolic blood pressure (-4,0 mmHg).(101) That contrast may help to 
comprehend why, for the animal experiments included in our review, both diastolic and mean 
blood pressure did not reached statistical significant values under SGLT2 blockade. On the other 
hand, systolic blood pressure was lowered in models of CKD, T1DM and T2DM. This data supports 
the glucose-independent mechanisms previously reported for iSGLT2 capacity on blood pressure 
regulation.(102,103)  
On the RAAS axis, namely in systemic quantifications, plasmatic renin levels were increased and 
plasmatic aldosterone unchanged. Such outcomes are in line with previous clinical and pre-clinical 
data, in which iSGLT2 treatment was associated with RAAS activation, with relevant effects in 
plasmatic renin upregulation and few relevant changes in plasmatic aldosterone.(104) This has 
been associated to the feedback of increased urine output and sodium delivery to the 
juxtaglomerular apparatus, mainly in early stages of iSGLT2 treatment. Nevertheless, despite the 
apparent iSGLT2 mediated systemic RAAS activation, acceptable blood pressure control is largely 
achieved.(105)  
Urinary and renal RAAS measures had distinct results. Renal cortical concentration of AT1, urinary 
angiotensinogen and urinary angiotensin II were diminished but urinary aldosterone was not 
changed by iSGLT2. In previous studies, angiotensinogen has been shown to be locally synthetized 
in proximal tubular cells, and these cells have also shown to have extensive expression of 
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AT1.(106,107) Moreover, urinary angiotensinogen has been linked to intrarenal angiotensinogen 
production.(108) Therefore, iSGLT2 action seems to have a downregulating effect in intrarenal 
RAAS, contrarily to that of systemic RAAS. Presented evidence emphasizes that the sphere of 
influence of SGLT2 inhibition in local and systemic RAAS is very likely to be multifaceted. Further 
studies are encouraged, as such mechanisms could be key players in local and systemic 
hemodynamic regulation of kidney disease. 
4.1.5. Kidney histology and morphological features 
In early stages of diabetic nephropathy major structural changes occur, contributing to cortical 
enlargement and renal hypertrophy, namely tubular thickening and glomerular expansion.(109) It 
is thought that tubular thickening accounts for most of the increase in kidney weight.(110) 
However, it is uncertain which of these 2 structural changes occur earlier in diabetic nephropathy 
progression, or even if other kidney structural changes occur prior to tubular and glomerular 
enlargement.(109,110) Hyperfiltration is frequently detected alongside discovery of 
nephromegaly. Although it is still disputed if hyperfiltration precedes kidney enlargement or vice-
versa, a model of diabetic rats reported that nephromegaly precedes hyperfiltration.(111) 
Interestingly, in every experiment included in our review that reported kidney weight reduction or 
cortical area reduction with iSGLT2 treatment, had associated improvement of kidney function 
(through either GFR or creatinine clearance). Furthermore, experiments reporting no impact in 
kidney weight reduction due to iSGTL2 treatment also had no significant improvement in kidney 
function. This appears to uphold the thesis that nephromegaly precedes hyperfiltration and the 
ensuing steps of kidney function decline chain. 
Despite iSGLT2 ability to restore glomerular hypertrophy, there was no relation between the 
effect on glomerular hypertrophy and kidney growth. Information regarding iSGLT2 impact on 
tubular hypertrophy could be useful in establishing a relation between iSGLT2, kidney growth and 
kidney function decline.  
Other glomerular anatomic features were largely ameliorated. Notably, various scoring systems 
were applied, and improvement was reported in mesangial matrix score, glomerulosclerosis index 
and glomerular injury score. Also, in a model of CKD, SGLT2 inhibition was able to increase 
podocyte density as well as α-actinin-4 and β1-Integrin, podocyte adhesion proteins to glomerular 
basement, indicating that glomerular protection arises irrespective of hyperglycemic status. 
In the context of renal circulation, one of the main complications is capillary rarefaction. This 
complication arises from various sources, such as inflammatory status and injury signals from 
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adjacent tubular cells.(112) In our review, renal circulation was improved in the few experiments 
that analyzed these parameters. Renal vascular pressure was reduced in a model of diabetic 
nephropathy. Periarterial fibrosis, either through direct histologic observation or through NG2 
quantification, was reduced in a model of diabetic nephropathy and in a model of CKD. SGLT2 
inhibition also increased vascular endothelial growth factor A, an important factor for the 
maintenance of capillary density. A previous study targeting tubular damage, demonstrated that 
injury to tubular epithelial cells resulted in tubular degeneration and interstitial capillary loss that 
later evolved to fibrosis, proteinuria and glomerulosclerosis.(113) In a similar fashion, iSGLT2 
mediated reduction in tubular insults seems to be a heavy contributor to these effects, namely in 
reversing capillary integrity and periarterial fibrosis. 
Hypoxia is a logical consequence of decline in renal circulation. Cortical hypoxia was reduced in a 
model of db/db mice, despite medullar hypoxia remaining unchanged. Interestingly, luseogliflozin 
improved the hemorrhage score registered in a model of CKD. The observed evidence in this area 
seems to be a down-stream consequence of the previously described reduction in tubular insults 
and consequent improvement of capillary matrix. This hypothesis could particularly justify the 
different effects between cortical and medullar hypoxia, as cortical area would benefit the most 
from reduction in tubular injury.  
Finally, renal protein and triglyceride content was reduced upon iSGLT2 treatment. Metabolic 
profile amelioration, as previously described, and improvement in glomerular filtration are likely 
the main contributors for those outcomes. On the other hand, calcium oxalate deposition was not 
ameliorated with iSGLT2 treatment, indicating that eventual benefits on acute compound 
deposition are less remarkable. 
Overall, data gathered in the present review highlight iSGLT2 ability to ameliorate pathological 
changes in kidney structural features, mainly in models of CKD and diabetic nephropathy. 
4.1.6. Kidney function  
Waste products cleared exclusively by the kidneys are good indicators of kidney function and in 
this area, BUN and serum creatinine are the most commonly measured parameters.(114) BUN 
and serum creatinine were constantly lowered in animals treated with iSGLT2 drugs. SGLT2 
inhibition only failed to achieve statistical significance in reducing either of these parameters in 
shorter experimental models of AKI and experimental models of CKD. Estimation of glomerular 
filtration followed the same improvement pattern. Firstly, iSGLT2 reduced GFR in animals that 
experienced hyperfiltration when treatment was absent, including models of diabetic 
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nephropathy and CKD. Secondly, iSGLT2 decreased creatinine clearance in models of diabetic 
nephropathy that exhibited hyperfiltration but raised creatinine clearance in experimental models 
that otherwise experienced decrease filtration rate with privation of treatment. Diabetic 
nephropathy may develop with an early stage of hyperfiltration followed by a rapid decline in 
kidney filtration capacity.(111) Also, it is relevant to note that two factors affect filtration rate: 
individual nephron filtration capacity and the number of functioning glomeruli.(110) Hence, the 
number of functioning glomeruli might be decreased but global filtration rate may be within 
normal range or may even be decreased despite individual glomeruli hyperfiltration, justifying the 
variance of comparative results observed between treated and untreated groups.  
Indicators of kidney dysfunction were lowered when iSGLT2 treatment was employed. These 
parameters more closely represent renal function loss, but once they are present, severe injury 
has already occurred.(27) Urinary albumin and protein excretion was diminished as evidenced by 
albuminuria, proteinuria and albumin to creatinine ratio reduction. Conversely, one study 
reported an increase in albuminuria and albumin to creatinine ratio, indicating a deterioration of 
kidney function. This particular case was possibly linked to an extreme imbalance in metabolic 
shift from glucose to lipid metabolism, that ultimately contributed to aggravation of kidney 
function. Proteinuria was only decreased in models of uninephrectomyzed diabetic animals. 
It would be expected that molecules inhibiting glucose reabsorption in nephrons by blocking 
SGLT2 would continuously increase urine glucose content. However, distinct variations in 
glucosuria were observed comparing treated and untreated animals. Impact of iSGLT2 on 
systemic glucose homeostasis helps to justify the spectra of results, as untreated animals with 
uncontrolled plasmatic glucose levels can achieve higher glucosuria than animals treated with 
iSGLT2 and controlled plasmatic glucose. This observation can be reinforced by the experiment 
which reported lower filtered glucose load in the treated group but had no significant differences 
in urinary glucose among groups. Urine volume displayed variant results, but as urine volume is 
increased with glucose excretion, it is comprehensible that these two parameters follow similar 
patterns. Among other components excreted through urine, only urinary sodium excretion was 
affected by iSGLT2 treatment, as expected due to their mechanisms of action. 
Remarkably, there was very strong evidence of glomerular and tubular injury reduction due to 
SGLT2 blockade, involving models of CKD, T1DM nephropathy and T2DM nephropathy. While 
urinary excretion of podocalyxin and nephrin were reversed in every experiment, tissue 
concentrations of nephrin, nestin and synaptopodin were improved, indicating glomerular 
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protection. Likewise, tissue concentrations of FABP, KIM1 and NAG were reduced and Slc34a1, a 
marker of tubular integrity, was improved by iSGLT2, beckoning tubular protection. Global kidney 
injury, assessed by indicators NGAL, TIMP2 and vanin 1, was reduced as attested by reduction of 
these proteins’ expression levels.  
iSGLT2 ability to reduce renal injury and improve function was predominantly demonstrated 
across all considered parameters. Decline in tubular glucotoxicity is likely responsible for the 
observed effects. How this effect translates to non-diabetic kidney disease remains to be 
highlighted in pre-clinical studies, as the collected evidence had no data on this field. 
4.1.7. Oxidative stress 
Markers of oxidative stress have shown remarkable improvements with iSGLT2 treatment. In fact, 
an outstanding reduction of oxidative stress was seen in every study who focused oxidative state 
analysis, namely lipid oxidation (MDA reduction), protein oxidation (3NT reduction) and acid 
nucleic oxidation (8OHdG). In the field of non-enzymatic oxidation, high glucose is a heavy 
contributor to the imbalance in oxidative state. A constant state of high glucose contributes to 
lipid oxidation and protein glycation, that in turn can affect critical enzymes and cellular 
mechanisms.(115) The fact that SGLT2 inhibition so steadily reduced markers of oxidative stress is 
a great indicator of the potential of iSGLT2 to mitigate oxidative stress mediated injury in the 
diabetic kidney. 
Biologic systems employ endogenous oxidant/antioxidant measures or take advantage of 
exogenous oxidants/antioxidants to balance oxidative state.(116) Such endogenous measures are, 
for instance, enzymes responsible for neutralization and production of ROS. Superoxide generator 
family isoforms Nox2 and Nox4 had their protein expression was reduced in every group of 
animals receiving iSGLT2. Another enzyme, nitric oxide synthase, had its inducible isoform iNOS 
reduced by SGLT2 inhibition and its endothelial isoform eNOS induced. Finally, SOD2 and SOD1 
levels were increased in SGLT-2 treated diabetic animals 
Another important enzymatic process is the glutathione antioxidant system, an important 
indicator of global red-ox state of an organism.(117) In the data collected for this review, the 
outcomes where generally indicative of iSGLT2 treatment capacity to cope with oxidative damage. 
Besides the referred increases in GSH-PX and GSH, the only study reporting absence of statistically 
significant variations in GSH and GSSG levels, made case to mention an important effect in 
reducing GSSG concentration and enhancing GSH concentration, bringing both values close to 
those of healthy animals. Lastly, it should be noted that the aforementioned results in enzymatic 
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control of oxidative stress are backed up by results such as hydrogen peroxide levels reduction, 
improvement of TAC and reduction of TOS. 
Regarding AGEs related parameters, SGLT2 blockade improved every quantified feature. Diabetic 
animal models experienced a reduction in AGE-modified proteins and RAGE expression levels, 
while sRAGE was improved. Also, HMGB1 and RAGE were reduced in HK2 cells, indicating iSGLT2 
protection trough inhibition of HMGB1-RAGE-NF-κB signaling pathway. RAGE involvement in 
diabetic complications progression, such as diabetic nephropathy, has been proved to be halted 
by preventing AGEs formation.(118) Unfortunately, we could not gather information on oxidative 
stress mediation by iSGLT2 in CKD or AKI. Hopefully, future endeavors bring useful information in 
this relation.  
4.1.8. Inflammation 
Inflammation is a process mediated by cytokines, through a combination of paracrine and 
autocrine activation pathways, that recruit an immune response with an important protective 
regulatory role but that can also be a relevant injury effector.(119) Even a low inflammatory state 
has been hailed as a contributor to progression of diabetic associated complications.(120)In this 
regard, various cytokines were evaluated in the presently selected investigations. There was a 
clear relation between iSGLT2 treatment and downregulation of inflammatory cytokines IL1, IL6, 
CCL2, TNFa and TGFβ, indicating a reduced inflammatory state and inflammatory cell 
recruitment. Reduction of other inflammatory proteins was also observed upon SGLT2 blockade 
as demonstrated by COX2 and C-reactive protein expression. 
Considering iSGLT2 ability to reduce the expression of cytokines, it’s understandable the effect on 
the evaluated white blood cells. Presence of immune cells in kidney tissue was assessed by 
evaluation of surface proteins and by histologic visualization. Macrophage infiltration was 
reduced as represented by reduction in expression of clusters of differentiation CD14, CD11c, 
CD68 and immunohistochemical data. Other immunity system cells were similarly lowered, as 
supported by ICAM1 and TLR4 receptors expression reduction (including a model of AKI for the 
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Fibrosis is an excellent indicator of kidney injury, particularly those with chronic and progressive 
features, like CKD and diabetic nephropathy. Irrespective of underlying disease, kidney fibrosis is 
the common outcome of chronic kidneys diseases.(121) 
Histologic observation revealed a reduction in whole kidney fibrotic area, and this reduction was 
observed in both cortical fibrosis and medullary fibrosis. Total collagen and individual collagen 
isoforms where improved in models of diabetic nephropathy and in vitro experiments. Likewise, 
αSMA, fibronectin and F-actin were reduced in animals treated with iSGLT2 substances. 
The in vitro demonstration that accounts for the downregulation of PDGF-B, THBS1 and TNC 
(proteins involved in the tubulointerstitial fibrotic process) when canagliflozin and empagliflozin 
was applied to HK2 cells insulted by TGFβ could provide important clues for iSGLT2 process in 
fibrosis alleviation. This implies that, at least in a cellular level, iSGLT2 has some protective effect 
regardless of glucose levels.  
It’s interesting to notice that multiple parameters of kidney fibrosis were ameliorated in models 
of AKI, CKD and diabetic nephropathy due to iSGLT2 action. Renal fibrosis can be induced as a 
consequence of distinct factors, such as inflammation, metabolic imbalances and oxidative 
stress.(122) The previously observed effects of iSGLT2 in each of these individual areas can help to 
comprehend the polyvalent ability to reduce fibrosis in distinct renal diseases. 
4.1.10. Cellular response to stress 
Apoptosis is a mechanism of programmed cell death, important for complex organisms’ survival. 
However, exacerbation of this mechanism has been associated with injury to multiple organs, 
including the kidney.(123) Various factors, such as hyperglycemia, angiotensin II, AGEs or redox 
imbalances, can induce a vicious cycle of ROS formation and inflammatory cells and cytokines 
recruitment. When anti-inflammatory, antioxidant and anti-apoptotic measures are insufficient to 
counteract this imbalance, the cell activates apoptosis through the intrinsic or extrinsic 
pathway.(124,125) In this review, we observed a reduction in global apoptosis, as assessed by 
TUNEL assay, in both models of diabetic nephropathy and CKD.  
The mitochondria is a very relevant contributor in apoptosis regulation.(123) In this area, 
improvement of mitochondrial morphology was achieve by iSGLT2 treatment, as well as reduction 
of Cytochrome C, both in T2DM models. Furthermore, mitochondrial fusion proteins Mfn2 and 
Opa1 were also raised in diabetic nephropathy models and in an in vitro model insulted by 
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palmitate. Finally, Bax and Bcl2 regulation of apoptosis was driven into the anti-apoptotic route by 
iSGLT2 treatment, in both diabetic nephropathy and CKD models, as well as an in vitro model. 
In diabetic models of nephropathy, various other proteins were successfully downregulated by 
iSGLT2, such as BIP, Calpain2, CHOP and diverse members of the caspase family, namely Caspase-
12, Cleaved caspase-3 and Caspase-7. Lastly, poly-ADP-ribose polymerase (PARP) was also 
reduced by iSGLT2 in a CKD model and an in vitro model insulted by hypoxia. The previous 
evidence suggests that iSGLT2 mediated apoptosis inhibition is achieved by reducing activation of 
apoptosis pathways, independent of underlying disease. The previously discussed reduction in 
inflammation and oxidative stress is the likely cause of this reduction. 
Other cellular life cycle regulatory mechanisms were scarcely targeted. Suggestion towards iSGLT2 
potential in regulating cell senescence was brought forward by evidence of cyclin-dependent 
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iSGLT2 drugs, through their glucose lowering mechanism of action, induce a shift in metabolic 
profile and hemodynamic variables thus improving insulin resistance, glycemic levels, blood 
pressure and overall body composition. However, occasionally, this shift in metabolic profile can 
trigger a feedback loop responsible for severe imbalances, such as ketoacidosis. Therefore, a 
proper comprehension of putative factors that contribute to aforementioned outcome is relevant 
for iSGLT2 safety improvement. 
Renal hypertrophy is one of the earlier indicators of renal disease onset and iSGLT2 treatment has 
shown to be capable to reverse this pathological feature, with consequential impact on aspects of 
disease progression such as glomerular filtration degradation and tubular injury. Remarkably, 
every experiment that reported kidney weight reduction with iSGLT2 treatment, also reported 
normalization of kidney function. These results suggest that delaying functional renal structures 
damage can be the key step underlying iSGLT2 nephroprotection. 
Oxidative stress, inflammation and fibrosis are intertwined processes that contribute to kidney 
disease progression and undermine nephron function, mainly by glomerulosclerosis and 
tubulointerstitial fibrosis. Furthermore, with current therapeutic arsenal, the inception of 
glomerulosclerosis and tubulointerstitial fibrosis carries irreversible injuries that hinder kidney 
function and morphology, providing a worst prognostic for every physiological and pathological 
process associated with kidney health. iSGLT2 treatment improved both function and 
morphological features. Grasping the finetune of iSGLT2 mechanism of action can be of the 
utmost importance to update the design of more efficient substances and develop better 
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